
~* LE EV
r-4 ITECHNICAL REPORT RL-80-10

A METHODOLOGY FOR MODELING CONFINED,
TEMPERATURE SENSITIVE CUSHIONING SYSTEMS

Virginia P. Kobler
US Army Missile Command

June 1980

IMP,

it 004my U ONM

MI9eetcone Ar#nserwaI, AIMtkbamaE 35609

Approved for public release;
distribution unlimited.

DTIC
THIS D0CU ENT IS BEST QUALIyY FCTIC LECTE

>3THE Copy y;ISEDETODDCCOTI~ a
SIGNIFICANT NIJ!iER OF PALGES WHIGH DO I9

C) RE RODUC" LEGIBLY.

_ --
S- RA F 1021, 1 JUL 79 PREVIOUS EDITION IS OBSOLETE

80 7 31 048-



DISPOSITION INSTRUCTIONS

DESTROY THIS REPORT WHEN IT IS NO LONGER NEEDED. DO NOT

RETURN IT TO THE ORIGINATOR.

DISCLAIMER

THE FINDINGS IN THIS REPORT ARE NOT TO BE CONSTRUED AS AN

OFFICIAL DEPARTMENT OF THE ARMY POSITION UNLESS SO DESIG-

NATED BY OTHER AUTHORIZED DOCUMENTS.

TRADE NAMES

USE OF TRADE NAMES OR MANUFACTURERS IN THIS REPORT DOES

NOT CONSTITUTE AN OFFICIAL INDORSEMENT OR APPROVAL OF

THE USE OF SUCH COMMERCIAL HARDWARE OR SOFTWARE.



DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO NOT
REPRODUCE LEGIBLY.

-i



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (Ithen Date Entered)

REPORT DOCUMENTATION PAGE B RE CMSTIN ORM
-1." REPORT NUMBER 32. GOVT ACCESSION NO. .RCIPIENT°S CATALOG NUMBER

Technical Report RL-80-10 N3- ' 7 T_
4. TITLE (and Subtitle) S. TYPE OF REPORT & PERIOD COVERED

Technical Report
A METHODOLOGY FOR MODELING CONFINED,
TEMPERATURE .SENSITIVE CUSHIONING SYSTEMS S PERFORMING ORG. REPORT NUMBER

j7. AUTHOR(&) a. CONTRACT OR GRANT NUMBER(&)

Virginia P. Kobler

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK
AREA &-WORK UNIT NUMBERS

Commander, US Army Missile Command A
Attn: DRSMI-RL

Redstone Arsenal, AL 35809
11. CONTROLLING OFFICE NAME AND ADDRESS 12 REPORT DATE

Commander, US Army Missile Command Junr'1980
Attn: DRSMI-RPT 13. NUMBER OF PAGES

Redstone Arsenal, AL 35809 152
14. MONITORING AGENCY NAME & ADDRESS(iI different from Controling Office) IS. SECURITY CLASS. (of tie report)

UNCLASSIFIED
ISa. DECLASSIFICATION/DOWNGRADING

SCHEDULE

16. DISTRIBUTION STATEMENT (of thie Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20. If dillerent from Report)

IS. SUPPLEMENTARY NOTES

S. KEY WORDS (Continue on reveree alde It neceseary and Identify by block number)

Containers
Bulk cushioning
Mathematical modeling

20. ASRAc1- (cothe -n reveree oldo It neceqeety and idervify by block number)

A methodology for modeling the impact response of a confined cushioning
system has been demonstrated. Data for modeling were acquired from test
drops made with a test specimen comprised of a plywood cube (protected item)
within a cleated plywood shipping container, under controlled environmental
conditions, utilizing 2-inch Minicel as the cushioning system. Individual
curves were developed for each temperature and drop height for both the

.Continued)

DO 14 EDITIONOF INOV65ISOBSOLE UNCLASS

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)



TINCLASSI FTED
SECURITY CLASSIFICATION OF THIS PAGE(WhaI Data PEntered)

20. ABSTRAT (Continued)

interior box and total container system. Utilizing a stepwise regression
p-ocedure, a general model was developed for the interior box and also for
the total container system. The general model permits the cushion designer
to predict the impact response of a container system within drop heights of
12 ti 30 inches, a temperature range of -650F to 1600 F, and a static stress
range of 0.088 to 1.255 psi.

UNCLASSIFIED _

_CURITY CLASSIFICATION OF THIS PAGE(1Whe- 7t. Entered)



g 1

U f
ACKNOWLEDGEMENTS

There are a number of people whose contributions to this effort
5a I would like to acknowledge:

-h Dr. R. M. Wyskida, University of Alabama-Huntsville, for his

ideas, stimulating discussions, and encouragement. His

4 assistance cicompassed the entire effort, from problem

formulation to final edit.

Drs. Robert Shannon, C. Dennis Pegden, Norman Bucher, and

Merle Roach, University of Alabama-Huntsville, for their

support and encouragement.

Dr. Don McDaniel, Martin-Marietta Corporation, Orlando, Florida,

for his suggestions and guidance in the initial stages of
this research effort.

Dr. James D. Johannes, University of Alabama-Huntsville, who

rendered support with his computer science expertise and

penetrating evaluations.

X

1 t,/ ,CESSION.' for "

M RS v'% ire Sectionl

............ .... .

By

Dit VAIL and/or aeECW.



-~ ~ ------

-

TABLE OF CONTENTS

Page

LIST OF TABLES ....................... ... .... vii

LIST OF FIGURES .................................. ix

Chapter

I. INTRODUCTION ............... . .. . .. .

The Container Cushioning Concept ........... 2
Research Objective ..................... 4

II. THE EVOLUTION OF CUSHION DESIGN ............ 6

III. EXPERIMENTAL CONSIDERATIONS ............... 17

Physical Description .................. 18
Experimental Design .................... 22

IV. THEORETICAL CONSIDERATIONS ................ 25

V. MODEL DEVELOPMENT ...................... 35

Preliminary Data Analysis ................ 38
Interior Box Model Development............. 40
Total Box Model Development .............. 48

VI. MODEL VALIDATION ......................... 53

Identification of Validation Approach . .... ..... 54
Interior Box Model Validation .............. 55

Total Box Model Validation ................ 58

VII. RESEARCH FINDINGS ................ ... 63

Integration of the Two General Models ......... 63
Temperature Effects 8....... 8
Confined Versus Unconfined Comparisons ...... 73

sffi



Page

Viii. CONCLUSIONS AND RECOMMENDATIONS ........... 79

Conclusions .......................... 79
Recommendations . .......... ... 81

REFERENCES............................. 83

APPENDEKES .................. **.. **.t* 86

vi



171

LIST OF TABLES

Table Page

I. Weights of Test Specimens ..................... 36

II. Static Stresses for Each Surface of Each Interior Box .... 37

I. Interior Box IDCC Equations ................ 42

IV. General Model for Interior Box................... 45

V. Individual Total Box Equations .. .... 50

VI. Prediction Limit Validation for Interior Box at 20°F
and a 21-in. Drop Height................... . 57

VII. Summary of Interior Box Prediction Limit Validation

Results ....................... 58

VIII. Prediction Limit Validation for Total box at 20°F and a
21-in. Drop Height .......................... 60

IX. Regression Coefficients for ITBL for 21-in. Drop Height .. 61

X.. Model and ITBL G-level Ranges for 21-in. Drop Height ... 61

XI. Integrated Confined Model Data for -65°F and a 21-in.
Drop Height ........................... 65

XI. Integrated Confined Model Data for -200F and a 21-in.-Drop Height 65

XIII. integrated Confined Model Data for 20°F and a 21-in.

Drop Height 66

XIV. Integrated Confined Model Data for 70°F and a 21-in.
- Drop Heih ................................ 66

XV. Integrated Confined Model Data for 110OF and a 21-in.
DropHeight ..... 67

= vii



Table Page

XVI. Integrated Confined Model Data for 160 0F and a 21-in.
Drop Height .. .................... 67

XVII. Cushion Absorption Percentage as a Function of
Temperature for a Selected Item Weight and a 21-in.

XVIII. Summary of Unconfined Versus Confined Peak Accelera-
tion Minimums for a 3-in. Drop Height ..... .. 77

viii



LIST OF FIGURES

Figure Page

1. Container cushioning system .................... 3

2. Idealized mechanical system representing item during
a drop test ............................... 8

3. Drop test apparatus .......................... 10

4. The ratio of dissipated energy to stored energy during
static and impact loading. ...... 12

5. Peak acceleration versus static stress curves for
polyethylene foam ............... ............ 13

6. Typical dynamic cushioning curves at selected
temperatures derived from uncombined test data........ 15

7. Interior box and outside container................. 18

8. Container systems in environmental chambers ........ 21

9. Drop tester and container system prior to drop....... . 21

10. Test apparatus after drop ...................... 22

11. Randomized drop test sequence n. .............. 24

12. Schematic of standard container system. ........... 25

13. Free fall of container system shown in various stages ... 26

14. Interior box cushioned under impact loads ........... 28

15. Interior box IDCC prediction at -65°F and a 30-in.
drop height .... .............. 4-........ . . 43

16. Interior box general model prediction .............. 47

Ix



F igure Page

17. Individual total box prediction at -650F and a 30-in.
drop height .............. 51

18. Total box general model prediction at -65°F and a
30-in. drop height ................. ........

19. Cushion absorption as a function of temperature and total
- box wei- for a 21-in. drop heih ..........

20. Interior box peak accelerations cs a function of
temperature and total box weight for a 21-in.
drop height ............ ............... 71

21. Total box peak accelerations as a function of
temperature and total box weight at a 21-in.
drop height .. 72

22. Comparison of confined and unconfined peak accelera-
tions at -65°F with a 30-in. drop height ............. 74

23. Comparison of confined and unconfined peak accelera-
tions at 70°F with a 30-in. drop height ............. 75

24. Comparison of confined and unconfined peak accelera-
tions at 1600F with a 30-in. drop height ............. 76

25. Comparison of unconfined and confined peak accelera-
tions at ll00F with a 20-in. drop height ............. 78

x



CHAPTER I. INTRODUCTION

The scientific and technological developments in all fields tend toward

equipment of ever-increasing complexity. This complexity brings with it the

inescapable concomitant - delicacy. In addition, the multinational posture of

many of the leading corporations demand that this delicate equipment be

transported to virtually every corner of the globe. Consequently, extremely

sophisticated container systems are required to protect this delicate equip-

ment during its journey throughout the world.

Many items come adequately packaged by nature. Consider the grape-

fruit with its outside protective shield which protects it from damage on the

tree and in transit to the consumer's table. Unfortunately, many of man's

physical creations do not possess a protective shield, since to provide one

would be economically infeasible. If a protective shield capable of preventing

any damage to a missile system were incorporated into the basic structure of

the missile, the missile would be incapable of flight due to the weight burden.

Consequently, missile systems are designed with only an in-flight protective

shield incorporated. The container designer is then assigned the task of

designing a protective shield, for the various segments of the missile system,

to be utilized for ground handling protection. The fundamental product of the

design effort is identified as a container system. The container system is the

1
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dev utilized to protect the item during transit to its destination point,

hopefuliy without damage and at a minimum cost.

In an attempt to satisfy the demand for unique container systems, the

container designer is confronted with a three faceted problem. He is expected

to protect items of greater and greater fragility against greater and greater

environmental shock hazards, at lower and lower values of weight, volume,

and cost. In response, the container designer has turned to a variety of bulk

cushioning materials, primarily because of the rapidly mounting costs for the

design of special shock-isolation systems. However, to provide protection

against the anticipated hazards encountered in transit, the container designer

requires information on the physical properties of cushioning materials, and

the methods of configurations available for the most economical use of the

cushioning materials.

The Container Cushioning Concept

Cushioning systems are incorporated into container systems to protect

fragile items. The degree of fragility of the item determines the amount of

cushioning required to protect it from damage during handling and shipment.

Some items are inherently strong and rugged except for one or more exceed-

ingly fragile components. When the fragile components cannot be removed

for separate cushioning, the entire item must be treated as fragile, even

though the result may be an unavoidably large, cumbersome container.

A basic container cushioning problem is shown in Figure 1 wh ch

utilizes a foamed material as the cushioning system. The item which is to be

rAM
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I RIGIDOUTER CONTAINER

FOAMED
CUSHION

ITEM TO BE PROTECTED

Figure 1. Container cushioning system.

protected from damage is located in the center. A rigid, wooden outside

container encases the protected item and the foamed cushion. The thickness

of the cushioning material is apparent. In this simplified sketch, when the

container is accidentally dropped, it falls freely until a rigid surface of some

type is encountered. Assuming a nonresilient rigid surface which the con-

tainer strikes in a flat fashion, it is noted that the container, being rigid,

impacts with considerable force. However, if the proper foamed cushion has

V been provided, the item to be protected does not stop as quickly as the outside

container (from a timr point of view) since the protected item compresses

into the foamed cushioning material. If the cushion is thick enough and of

proper density for the ensuing impact, the protected item will not be damaged.
prpe
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The challenge then is to determine the proper size and density of a foamed

cushioning material to utilize as a shock mitigation system.

The container system includes the container and the cushioning system,

regardless of the cushioning material utilized. The cushioring system relates

to the cushioning material itself, together with the cushioning configuration

utilized. In Figure 1 the cushioning configuration shown utilizes side pads.

Since various outer containers can be devised to encase almost any size of

item, the crucial determination reduces to cushion thickness and cushion

configuration.

Research Objective

The objective of this research effort is to develop the methodology for

confined, temperature sensitive, cushioning system modeling. These models

should be capable of predicting the dynamic cushioning performance of the

Minicel cushioning material in the confined state. A secondary objective is to

assess fhe relationship between unconfined drop test results on the Minicel

material.

In response to this research objective, a systematic study of back-

ground material was conducted. The evolution of cushion design is discussed

in Chapter H. The experimental design necessary for drop test data acquisi-

tion is given in Chapter III. The parameters of the overall impact response

model are identified, together with the viscoelastic theory upon which the

model is predicated, in Chapter IV.

° 'i



5

The development of the interior box model, together with the total box

model, is presented in Chapter V. This includes the individual dynamic

cushioning equations for the interior box, the general model for the interior

box, the individual total box equations, and the general model for the total

box. Chapter VI contains the results of the validation of the two general

models. Chapter VII combines the two models for an analysis of the tempera-

ture effects upon the cushioning material. Chapter VIII contains the conclu-

sions and recommendations resulting from the research effort.

It is anticipated that the development of the overall container impact

response mathematical model will result in a more realistic predictor of

cushioning response within the container and, in turn, will prove to be more

cost effective to cushioning designers.

Ii

i



CHAPTER II. THE EVOLUTION OF CUSHION DESIGN

Prior to the 1940's, proper cushioning was determined via the "cut ard

try" method. One used his judgment in selecting the optimum cushioning

material, the cushion configuration, and the material thickness. If it pro-

vided the required protection it was deemed adequate.

Early scientific investigation took the classic stress-strain approach.

By slowly applying a load to a specimen and measuring the resulting deflection,

data were collected for the plotting of strain curves for various cushioning

materials. These curves provided information pertaining to the amount of

energy stored by the specimen and the point at which resilient properties were

lost by the specimen.

Prompted by the increased sophistication of equipment and the advances

in cushioning material fabrication, serious scientific research into cushioning

design was begun. R. D. Mindlin of Columbia University is credited with

having made the first scientific effort in this field in 1945.

Mindlin [1] first derived equations of motion by treating the cushion as

a linear spring. Then, assuming a linear load-displacement, he used the

equations of motion to find the maximum displacement of the packaged item

within the container to insure the item does not attain a critical acceleration.

6
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Since in practice a container system rarely has linear spring characteristics,

I Mindlin developed equations to describe the maximum displacement for non-

linear springs.

I In determining the optimum cushion thickness, Mindlin used the maxi-

I mum allowable acceleration, the predicted drop height, and the weight of the

item to find the necessary displacement of the cushion. The displacement

distance can be compared with the load-displacement data for the various

cushioning materials from which a selection can be made.

In this approach, load-displacement data were acquired by applying

successively increasing loads, with weights or in a load testing machine, and

measuring the corresponding displacements. This type of testing is cate-

gorized as static because of the low loading rate.

Mindlin's development of the mathematical equations describing the

maximum acceleration and displacement of the protected item is considered

classical and his approach to cushion design was not significantly changed for

over a decade.

Although information on the static properties of cushioning materials

is helpful, it does not permit the cushioning designer to predict the expected

& limit of protection for an item under severe handling conditions. Protective

cushioning must be capable of responding to a sharp force of short duration if

- adequate item protection is to be provided.

Figure 2, taken from Mindlin's paper, depicts an idealized mechanical

system representing an item during a drop test. The outer container is
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m2

ki

Figure 2. Idealized mechanical system representing item
during a drop test [1].

represented by ml, andi m 2 is the protected item. The cushion between the

item and the outer container is represented by a spring, k .

In addition to Mindlin, extensive research effort was conducted by

K. Q. Kellicutt, R. E. Jones, and D. L. Hunzicker at the Forest Products

Laboratory of the U. Department of Agriculture. Another active researcher

was A. M. Underhill o± the General Electric Company. Most of these efforts

were directed toward collection of load-displacement data on the various

materials available at that time for application to the cushion design methods

of Mindlin f1 and Masel f2j.

Gretz [31 extended the force--displacement approach to derive an

efficiency factor for the cushioning material. The efficiency factor was

IA
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then used in the following equation to arrive at the necessary cushion thick-

ness:

Cushion Thickness =(Drop Height) (Cushion Deflection) (Efficiency)
(Maximum G's)

Janssen [4] utilized the applied load to the cushion and the energy

absorbing capacity of the cushion (defined as the area under the load-

displacement curve) to form a dimensionless ratio which he called the cushion

factor or "il factor. The cushion factor was the ratio of optimum stress to

optimum strain and was used to calculate the cushion thickness.

These cushion design methods were adequate for most of the cushioning

materials available during the 1940's and early 1950's. However, with the

development and proliferation of a myriad of foam materials in the late 1950's,

it became apparent to cushion designers that the load-displacement curves

produced through static testing did not reflect the true nature of viscoelastic

materials.

Consequently, it was necessary to perform dynamic tests to investigate

foamed material performance. A dynamic test is performed by having a

plate, whose weight may be varied to achieve different static stresses, drop

onto the cushioning material. The plate is instrumented to sense the peak

acceleration it attains. Figure 3 shows the apparatus used in this type of test.

This type of testing is referred to as flat pad or unconfined dynamic testing.

Kerstner [51 pointed out the inconsistencies found in the dynamic test-

ing of only one thickness of cushion and then utilizing that data to predict the
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behavior of other thicknesses. He also stated that the cushion factors would

vary according to the area of the cushion specimen tested. He attributed this

to materials which had a relatively high pneumatic characteristic.

Stern [61 described the phenomenon of the drastic difference between

the response of some materials to dynamic loading and that of static loading.

He attributed this to the pneumatic effect of the partially entrapped air in the

material. The effect was found to be most pronounced in interconnected

cellular materials and varied with the dimensions of the material. In a static

test the air had sufficient time to escape without absorbing energy. In a dynamic

test the load approached that of a free falling object and the rate of loading

upon the cushion was much more rapid. As the cushion was compressed, the

entrapped air in the cellular material was not able to escape as the cells

suddenly collapsed.

Figure 4 shows the difference in energy absorption ability during static

Lf' and impact loading. E is the energy dissipated. E is the energy stored in
d s

the cushion, and e is the maximum strain the cushion encounters [71. The
m

open circles represent static loading while the solid circles depict the ratio of

dissipated energy to stored energy of a cushion under impact loading conditions.

Kerstner's solution to the dilemma of static versus dynamic data was

to use peak acceleration versus static stress graphs. The peak accelerations

obtained during dynamic testing were plotted against the change in load or

static stress. This resulted in the graphs shown in Figure 5 [81. Peak

acceleration-static stress graphs were developed for various cushioning

ii
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I I I

3.0
0

2.0 -0

V

1.0

0 " I II

0 20 40 60 80 100 5

em I%

Figure 4. The ratio of dissipated energy to stored
energy during static and impact loading [71.

materials at various drop heights. The fragility level of the item to be pro-

tected was determined by anticipating the maximum acceleration the item

could undergo without behig damaged or destroyed. The graphs are read by

finding the fragility level on the vertical axis and drawing a horizontal line

from that point, intersecting the dynamic cushioning curves. The cush ion M

thickness associated with the first curve which falls below the line, within the

expected stress levels the item will encounter, is the proper cushion Pmount

to utilize.
tiffI
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Although Kerstner indicated that his method could also be utilized to

produce the cushion efficiency factor, the dynamic cushioning curves gained

lone acceptance and are still utilized today.

Extensive research work has been underway over the past two decades

resulting in the development of dynamic cushioning curves for various cush-

ioning materials. However, many of these early curves were derived from

data collected at ambient temperature.

McDaniel and Wyskida [9] were the first to conduct extensive research

on the effects of temperature upon cushioning materials. It was demonstrated

conclusively that the temperature effects were significant. In 1975, McDaniel

[101 derived the first general mathematical model to predict peak acceleration

for flat pad drops at different temperatures. He generated, via drop tests,

dynamic test data on Minicel, the commercial name for a closed cell, cross-

linked polyethylene foam material. Using a stepwise regression procedure

he was able to develop the general mathematical model from the experimental

data. McDaniel's general model has been used to develop specific mathe-

matical models for polyester and polyether types of polyurethane, and Dow

Ethafoam polyethylene.

Figure 6 is a typical set of dynamic cushioning curves used by modern

package designers. The three curves represent three different temperatures.

Points on the curves correspond to the peak acceleration (given in Gts)

experienced by the cusnioned item at the corresponding static stresses. The

horizontal line depicts the fragility level to which the item under consideration
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300 MINICEL CUSHOP

H - 160.00 TOPT - 3.00 MINIMUM BEARING AREA 80.00
A - 70.00 GLMAX - 40.00 MAXIMUM BEARING AREA 142.86

250 C - 45.00 SSL -0.10 ITEM WEIGHT -100.00
DH -30.00 SSU- 1.25

200

C
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100
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50-

o i I I I ! I I I n I
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STATIC STRESS (psi)

Figure 6. Typical dynamic cushioning curves at selected
temperatures derived from unconfined test data.

must be protected. The package designer must choose a material with a

material thickness which possesses dynamic cushioning curves for the tem-

perature range for which he is designing and, furthermore, a portion of the

curves must be below the specified fragility level. A separate set of curves

is necessary for each unique set of parameters (i.e., drop height, cushion

thickness, and material).

Wyskida, Johannes, and Wilhelm [ 11 also devised a cushion optimiza-

tion program on the Hewlett-Packard (HP) 9815A with a plotting capability.

The modern design engineer has access to this program which includes five

cushioning materials.
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As stated previously, the dynamic cushioning curves used by cushion

designers are derived from data obtained when drop tests are made on a flat

pad (unconfined testing). Even the impact response model developed by

McDaniel [101 was derived from flat pad drops. The cushion itself is not

enclosed in any way. In spite of this advancement of the state-of-the-art,

many items must be placed within a container for shipment purposes.

McDaniel did not consider the effects of a container in his model development.

This lack of data on container effects and inability to predict them has been a

major concern to cushion designers.

Since the flat pad impact response has been modeled, it is now possible

to extend it to the response within a container. Although there have been very

few direct comparisons in this area, the assumption has been that the flat-pad

data result in conservative designs. Grabowski [ 121, using foamed poly-

styrene and flat drops in a corrugated board container, wood crate, and steel

cylinder at 30-in. drop heights, found that the peak accelerations were lower

than those for corresponding static stresses and thicknesses of the flat pad

test. If the impact response of the overall container system (i.e., the con-

tainer together with the cushioning material as one unit) could be modeled, it

would undoubtedly result in substantial savings to the cushion design.

Prior to modeling the overall container system, it is necessary to

develop an experimental design which is capable of acquiring the experimental

data for modeling purposes. This is the topic of Chapter III.

- - - - -



CHAPTER III. EXPERIMENTAL CONSIDERATIONS

Dynamic cushioning curves are derived from data obtained when drop

tests are conducted on a flat pad cushion. This method of obtaining impact

response was not designed to take into consideration the effects of an outside

container upon the impact response. Mazzei [13] found that there was a

definite difference in confined (outside container) and unconfined (no container)

test results. He attributed this difference to pneumatic effects within the

container. Since there are known to be container effects, the lack of data on

container effects and the inability to predict them has been a major concern to

cushion system designers. Consequently, the immediate objective is to deter-

mine whether the methodology, developed by McDaniel in constructing a mathe-

matical model for impact response from unconfined data, could be extended to

the development of a general model for data collected from drop tests of an

overall container. Consequently, a drop test experiment was designed from

which data were available to apply these mathematical modeling techniques.

McDaniel 1101 developed a specific model for the impact response of

the Hercules Minicel cushioning material based upon flat pad cushion data.

Minicel possesses the ability to withstand extreme temperatures, without a

degradation in cushioning ability. Consequently, a 2-in. thick Minicel

17
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cushion was selected as the bulk cushioning material for use in the overall

container experimental model.

Physical Description

Twenty-five complete container systems were prepared for experi-

mental testing. A complete container system is shown in Figure 7. The two

major components are the outside container and the interior box. The interior

box is a 19-in. plywood cube protected by a 2-in. thickness of Minicel cushion-

ing material configured as corner void pads. This interior box was enclosed

in a military standard cleated plywood shipping container as shown in

Figure 7.

Fa

Figure 7.Interior box and outside container.



19

Six different static stress levels were obtained by varying the total

area of the cushioning material on the six faces of the interior box so that

each face of the box represents a different stress level. The relationship

betweer static stress a, weight W, and total cushion area A, was used to

determine the size of the corner pads in the following equation:

W
A

Using the average weight of the interkr boxes, 25.5 lb, and the following

cushion pad dimensions, the resulting static stress levels are:

Cushion Pad Total Static Stress
Side Area Levels
(in.) (in. 2) (psi)

8.50 289.00 0.088

5.00 100.00 0.255

1 3.50 49.00 0.520

- 3.00 36.00 0.708

2.75 30.25 0.843

2.25 20.25 1.255

It should be noted that the actual size of the corner void pads was

f determined prior to calculating the static stress levels, due to the physical

dimension constraint on the surface of the interior box. Should lower stress

levels be desired, the dimensions of the interior box must be increased

accordingly to accommodate the larger cushions which would be required.A941
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The six temperatures at which drops were considered desirable were

-65, -20, 20, 70, 110, and 160°F. These are the temperatures specified by

the U. S. Army Natick Laboratories for use in testing bulk cushioning

materials. The -20°F temperatuee is especially important since this is the

region where some bulk cushions crystallize. The four standard drop heights

utilized were 12, 18, 24, and 30 in. Three replicates were performed for

each set of experimental conditions with four containers for each replicate.

One set of 12 containers was utilized for temperatures -20, 70, and

160 0F, and the other 12 containers for 20, 110, and -65 0 F. This prevents

any one container system from experiencing the entire temperature range of

225 0F, which is unlikely to occur in an actual situation. The remaining con-

tainer system was utilized as the prototype in the development of the container

design.

Prior to conditioning, the container systems were instrum( ted with

three accelerometers in the interior box, and three in the outer container.

The complete container systems were conditioned in environmental chambers

(Figure 8) at the required temperature for 24 hours prior e- testing.

All tests were conducted at the U. S. Army Missile Research and 4a

I Development Command's Dynamic Test Facility. Figure 9 shows the drop

tester and the container positioned ready to drop. Figure 10 shows the test -:

apparatus after a drop. Note that the outer container is almost as wide as the

drop tester platform. Therefore, the choice of size for the outer i ntainer
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Figure 8. Container systems in environmental chambers.

Figure 9. Drop tester and container system prior to drop.

:-ISO
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Figure 10. Test apparatus after drop.

was constrained. This, in turn, limited the choice of cushion thicknesses and

and the ability to test various thicknesses.

Experimental Design

The order of the drops was randomized as much as physically possible.

One constraint on randomization was the use of the environmental chambers for

temperature conditioning. Chamber space necessitated the drop test procedure

to consider all of one temperature simultaneously. That is, all three repli-

cates for one temperature were conditioned as a group. Since each box

required a cable to be attached, just prior to testing but after rem ial from

the chamber, it was not feasible to randomize the boxes within the replicate.

However, the static stresses and drop heights were randomized within each

replicate. The randomized order of the drops was determined by the computer
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generated form shown in Figure 11. One page of this form gives the orderS of

drops for one replicate at a particular temperature on each of four boxes,

The order of drops for each box is given in the column under the box number.

The letter for each drop indicates the face (or stress level) on which the box

is being dropped, while the inches following the letter indicate the drop height.

The time required to perform the necessary drops on all six surfaces

of one box was less than 2 minutes. Since temperature is involved, experi-

mentation was performed to determine if a significant change in temperature

occurred prior to completion of the sequence of six drops on one container.

Fortunately, the change in temperature was not significant in the required

2-minute interval.

The peak accelerations encountered by the interior box and the total

box during the 432 drops were compiled. The peak accelerations (in G's) for

the interior box are given in Appendix A. Appendix B contains the peak

accelerations for the total box. It is these basic test data which will now be

utilized in the development of a mathematical model for the confined cushioning

material situation. However, prior to model development initiation, it is

necessary to consider the theoretical aspects of the situation which is to be

modeled.

- - - .- --- :=2
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MATERIAL: MINICEL TIKES
TEMPERATURE: 

RPIAIN

DROP HEIGHT A

BOX-i BOX-2 :BOX-3 :BQX-4

C1 F-1811 B-18" : E-24":

F-12" :D-18" :A-18" : D-12"

E-30" :B-1211 F-30" :F-2411

B 
it

B-24" :E-12" :D-24" A- 12"

D-30" :C-30" :E-18" B-3011

A-30" A-2411
A30 *C-18" C-24#'

Figure i1. R~andomized drop test sequence.



CHAPTER IV. THEORETICAL CONSIDERATIONS

A container system is composed of three elements; the exterior ship-

ping container, the cushioning material, and the protected item. Figure 12A

depicts the system with the three elements. By sLcbstituting springs for the

cushioning material, the system may be represented as in Figure 12B. To

study the reaction in only one direction, all the springs may be represented as

one as in Figure 12C. When a container is dropped, it obeys the laws of

Galileo and Newton by uniformly increasing its speed of descent under the pull

of gravity until it strikes whatever floor or platform intervenes at a speed

CUSHIONING MATERIAL

(A) PRODUCT___ -*-SHIPPING CONTAINER

(B) RO

(C) PRODUCT

Figure 12. Schematics of standard container system [3].

25
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dependent upon the drop height (8. 5 mph for a 30-in. drop height). As shown

in Figure 13, the container stops but the protected item, also moving at

8.5 mph, pushes into the cushioning until the resistance of the compressed

cushioning is equal to the force of the moving item. The protected item,

slowed to a stop after expending its energy of motion (derived from the free

fall) in compressing the cushioning, is returned to its original position by the

energy stored in the compressed cushion.

3.n.

.Osec .395 sec .397 sec .399 sec
START PACKAGE PRODUCT SPRING

OF HITS STOPS RETURNS
DROP FLOOR SPRING PRODUCT

COMPRESSED

Figure 13. Free fall of container system shown in various stages [31.

The cushion's function is to decelerate the protected item in a few

inches which is a fraction of the drop height originally available for the package

to accelerate to its impact velocity. Since the initial acceleration was due to

the force of gravity, the deceleration must be proportionately greater, since

the distance available is much less.

I I2
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The protected item, during its deceleration, experiences the same

pressure as the cushion which is resisting the downward pressure of the

descending protected item. This force starts at zero at the time contact and

initial compression are made and increases to a maximum wkien the protected

item is stopped and returns to zero as the compressed cushioning material

returns the product to its original position.

In developing the impact response of the protected item several

parameters were considered. From previous research, the peak acceleration

is related to other parameters as

(G = f(a , T, 0, h)

where

G = acceleration (G's)

= static stress (psi)

T = thickness of cushion (in.)

0 = cushion temperature (OF)

h = drop height (in.).

The objective of the derivation which follows is to determine the rela-

tionship of the previously mentioned parameters in the impact response model

for the interior box. However, some basic concepts will be discussed first.

The theoretical model to predict impact response is developed from the

constitutive relationships taken from viscoelastic theory. The approach is to
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consider the viscoelastic cushioning material as a standard linear solid,

defined as a material in which the stress-strain behavior can be represented

by linear relations involving not only stress and strain but also their time

derivatives of all orders. An elastic material represents the special case of

a linear material in which the time derivatives can be neglected for the range

of frequencies involved. Materials which are time dependent in their response

are called viscoelastic.

In past studies when a falling body was dropped directly onto the

cushion placed on a rigid base, a Kelvin viscoelastic model was utilized to

depict this situation. The present research is more complicated in that the

falling body and the cushion are packed together in a wooden box which is

dropped onto the rigid base. The box provides shock absorbing or cushioning

capacity, as does the cushioning material. The mechanical model used to

describe this behavior is shown in Figure 14. The cushioning material is

represented by a Kelvin model. The wooden box is represented by a group of

springs in parallel in which the springs impact the rigid plane. The shock is

"I
1W

k. / / / 

Figure 14. Interior box cushioned under impact loads.I
I T 7
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transmitted through the springs representing the box into the Kelvin model

representing the foamed cushion material and finally into the protected item.

Consider a container system which is dropped a distance h . Inside

the container is another box with weight W and mass m. The interior box

is cushioned by the cushioning material which is in a tailored corner void

configuration of thickness T. The static stress between the cushion, with

total area per side, A, and the interior box, is represented by a s

The spring and dashpot configuration on the left in Figure 14 represents

a standard linear solid. The stiffness of the outer box is represented by

parallel springs whose sum is k . The relaxation modulus according toe

Flugge [14] for the standard linear solid may be expressed as

i E(t) (keki) [ e t(k + )(v-i)

where t represents time and q represents the viscosity of the cushioning

material.

The equation oi motion of the interior box after contact with the cushion

may be expressed as

m' - W - a A (IV-2)

where x is the position of the interior box with respect to the top of the

cushioning material.
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If the model used is that of a linear viscoelastic solid, then

a =E(t) E

The strain E is defined as the ratio of displacerynt x to thickness T of the

cushioning material so that the static stress may be expressed as

Er(t)x

s T

and the equation of motion becomes

* 6 AEr(t) x
M = w .(IV-3)

T

The correspondence principle described by Flugge [141 states that under

impact conditions, the modulus of elasticity (which is not time dependent) may

be substituted for the viscoelastic relaxation modulus in linear solids, giving

AExM' W T ' (IV-4)

where E is the elastic counterpart corresponding to Er(t) .

The general solution of Equation (rV-4) may be expressed as

WT

x(t) = - +Asinwt+Bcoswt
AE
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where w2 - is the square of the undamped natural frequency of the sys-
Tm

tern. Using the initial conditions x(O) = 0 and (0) = AJ-1 where g is the

gravitational constant, the constants A and B are evaluated and the solution

of x(t) is

x(t) WTs 2TWt. WT Cos Wt .(tV-5)

AE AE AE

Using

S=tan- 1
2TWh

AE

Equation (IV-5) becomes

x(t) KWT- + + si (wt - .(V-6)
AE -AE -A

According to Fowles [151, the amplitude of the oscillations or maximum value
l WT 2TWh W 2

of x is Y +I A + T + Differentiating Equation (IV-6) twice withAE TE +AE/

respect to time to obtain the acceleration yields

x( J 2AEh
x(t) : -g i+ sin (wt-o)" : WT

T Using Schapery's approximation method for obtaining viscoelastic solu-

tions [161, the relaxation modulus may be substituted for the modulus of

elasticity so that
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2AEr(t)hr
X(t) -g I + sin(wt-

Since only the peak accelerations are of interest in this research, the

oscillatory component may be ignored. Using the series approximation

1 12 X3
\/TT -l+-x- x + -x 3 +..

16

the peak acceleration may be expressed as

hA (t) ( t) (IV-7) Z() -g + WT 2 WT" + (v7

Past research 10, 171 has shown that only the quadratic terms are signifi-

cant. The stiffness factor k in the relaxation modulus Er(t) should be
e

many times greater than the stiffness factor k1 . Then, for impact loads, the

magnitude of Er(t) may be approximated as

rI
IE I k e

r e

where c is a constant. Equation (IV-7) may then be expressed as

-g [E+ hAk eC/77 (hAkeC/?) 2  ] v)

X(t) W T
-- ~~~WT 2 /+. • (V8

The quantity W/A is the static stress a . If the stiffness factor k is

assumed to be approximately equal to the square of the intensity of the load
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as measured by the static stress, Equation (IV-8) may be expressed as

F hu e (ha ec/)2 1(s 1[ ~ gX(t) = g 1 + .. 1 (P.-.)T 2j

For values of a less than approximately 1. 5, a transformation function of

the form (1- cos a) permits Equation (IV-9) to be expressed approximately
s

as

~ -g heC/ lX~t) g -C ( os a)

21h2T1 h, 2c/-q •](I-0

- (1-Cos a's)  e +.(P10)

2T 2 's'

c/

If a series approximation is used for ecc  in the form

x X2e 1 +x-. .
2

and the viscosity qr is inversely proportional to the temperature 0, then

~h(1 - cos a)
c(t) = - 1 +h T (C1 + C2 O+c 302 +  )

, C 2 +C 3 2 + ).(F -c s 1 2 3 .. + .

If only arbitrary constants are used, selected terms from the following general

form may be used to approximate the peak acceleration:
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n= (h i i~ o) .. . (IV-1i)G C i=l (-o s j=l

Previous studies 10, 171 on the impact response of unconfined cushioning

materials predicted an expression of the form

1/2
n C.h m

1/2 k. .O (IV-12)
i=1 (UsT) ~ J

Expressions of the form given in Equations (IV-11) and (IV-12) are

likely candidates for empirically curve-fitting cushioning system experimental

data. Chapter V will utilize the previous expressions as a framework from

which to develop a general model for the conditions under study.

I

A-



CHAPTER V. MODEL DEVELOPMENT

As stated previously in Chapter IV, the relationship of static stress to

weight of a cushioned item and total cushioned area is given by the equation

w
fS A "

Although the 19-in. plywood cubes utilized as the dummy items within the

containers were constructed according to government specifications, their

individual weights varied enough to cause the static stresses to vary among the

24 samples. Table I lists the weights of the protected interior box, the

exterior box, and the total box. The resulting variation in the respective

static stresses for each of the six surfaces of each cube are given in Table II.

The data analysis procedure was determined prior to the experimenta-

tion. This procedure requires the experimental data to be in replicates of

three for each surface of the experimental boxes, as outlined in the experi-

mental considerations chapter. Consequently, it was necessary to devise a

method to transform the experimental data for the interior box to reflect a

common static stress level for each respective side. This was accomplished

through the use of the following linear transformation. If the adjusted acceler-

ation is denoted by G, the uniform static stress by a s , the measured peak

35
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Table 1. Weights of Test Specimens

Interior Box Exterior Box Total Box
Weight Weight WeightBox No. (ib) (Ib) (ib)

24.50 32.25 56.75
2 26.31 34.56 60.88
3 26.06 34.2: 60.31
4 25.00 32.88 57.88
5 26.50 34.81 61.31
6 25.81 33.94 59.75
7 25.19 33.13 58.32
8 26.19 34.44 60.63
9 24.75 32.56 57.31

10 25.44 33.44 58.88

1 25.69 33.75 59.44
12 26.13 34.38 60.50
13 24.56 32.31 56.88
14 24.75 34.50 59.25
15 26.25 34.50 60.75
16 23.81 31.31 55.13
17 25.44 33.44 58.88
18 26.38 33.81 60.19
19 25.38 33.38 58.75
20 24.88 31.88 56.75
21 25.50 33.25 58.7522 26.50 34.81 61.31

23 24.63 32.38 57.00
24 25.13 33.00 58.13

-L
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Table II. S:. Stresses for Each Surface of Each Interior Box

Surface

Box No. A B C D E F

1 0.082 0.245 0.500 0.681 0.810 1.210

2 0.088 0.263 0.537 0.731 0.870 1.299

3 0.088 0.261 0.532 0.724 0.862 1.287

4 0.084 0.250 0.510 0.694 0.826 1.235

5 0.089 0.265 0.541 0.736 0.876 1.309

6 0.087 0.258 0.527 0.717 0.853 1.275

7 0.085 0.252 0.514 0.700 0.833 1.244

8 0.088 0.262 0.534 0.727 0.866 1.293

9 0.083 0.248 0.505 0.688 0.818 1.222

10 0.085 0.254 0.519 0.707 0.841 1.256

11 0.086 0.257 0.524 0.714 0.849 1.269

12 0.088 0.261 0.533 0.726 0.864 1.290

13 0.083 0.246 0.501 0.682 0.812 1.213

14 0.083 0.248 0.505 0.603 0.818 1.222

15 0.088 0.263 0.536 0.729 0.868 1.296

16 0.080 0.238 0.486 0.661 0.787 1,176

17 ;).085 0.254 0.519 0.707 0.841 1.256

18 0.088 0.264 0.538 0.733 0.872 1.302

19 0.085 0.254 0.518 0.705 0.839 1.253

20 0.084 0.249 0.508 0.691 0.822 1.228

21 0.086 0.255 0.520 0.708 0.843 1.259

22 0.089 0.265 0.541 0.736 0.876 1.309

23 0.083 0.246 0.503 0.684 0.814 1.216

24 0.084 0.251 0.513 0.198 0.831 1.241

"L i

A
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acceleration by A, and the actual static stress by S, then the following

relationship may be used to obtain the adjusted peak acceleration:

:i--)~G =.

The original data with the associated static stresses are given in Appendix A.

The adjusted accelerations are given in Appendix C.

Preliminary Data Analysis

With any experimental effort, a set of observations, assumed to be

taken under the same conditions, may vary widely from other observations or

be what is known as an outlier. The experimenter must decide whether to

retain the outlier observation in his computations or to discard it as a faulty

measurement. Even though the data point is discarded from computation, it

is still recorded.

The argument for exclusion of outlying data is that if the data are good

one simply loses some of the relevant information; in this research effort, it

means discarding one of the three replicated observations. If the discarded

observation is truly inaccurate. then its inclusion would bias the results and

the estimate of precision by an unknown, and generally unknowable, amount.

Consequently, it was determined that a test for outliers would be per- -

formed. The first step in the outlier test is to compute the sample variance,

while holding static stress ccnstant, for each set of three replications of peak

acceleraticns to find which set has the maximum sample variance. For the

-I
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set of observations having the largest variance, each observation of the set is

then tested individually as a candidate for rejection as an outlier by using the

statistic
_II

Ie!
5

V

where

x = an individual observation in a set of three replications
e

x= the sample mean of the three observations

s = an independent external estimate of the standard deviation fromVi
concurrent data.

This statistic is based upon an extension of the extreme studentized deviate

from the sample mean (Nair Criterion).

The set of replications of G's having the maximum sample variance

corresponding to a particular stress level is eliminated from the calculation

=of s . From the remaining sets of replications of G's, s is calculated with

the expression

! .

2 th
w the e ste sample variance of the i set of replications of Gs and n is

~~the number of stress levels. l

-- ------ -
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The values of the statistic for each observation n the set of replicates

being tested are compared with the appropriate value from a table of per-

centage points of the extreme studentized deviate from the sample niean, and

a point is rejected as an outlier if t > t
(calculated) ( table)

If an observation is rejected in the first iteration of the outlier test,

the set of replicates to which it belonged is no longer considered in further

calculations, but the procedure then moves to the set of replicates with the

next highest sample variance to check for outliers. Iteration is continued

until a set of replications is checked and no points are rejected. Those data

points determined to be outliers are marked with an asterisk in Appendix B.

Also, a computer code for determining outliers as described is contained in

Appendix D.

Interior Box Model Development

With the outlying data points determined and isolated from the compu-

tations, development was initiated on the polynomial regression model which

would predict the maximum acceleration the interior box undergoes upon

impact (inside a container) for a given temperature and drop height. Initial

attempts to acquire a meaningful model with the experimental data in its

original form proved fruitless. Consequently, a search was initiated for a

data transformation for the static stress variable. If yi is the predicted

acceleration and x. represents the static stress, the general form of the

p-order polynomial regression equation is:
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yi b0 +b x i2. + . +b xp

Many relationships of peak acceleration versus static stress were

investigated. It was found that the best agreement was obtained when the

transformation was (1-cos x). As a statistical test of this agreement, first,

second, third, and fourth order regression equations were developed for each

temperature and drop height combination. An ANOVA was compiled for each

order, with a comparison of

F -MSDUE TO
MSABOUT

with F = 3.0 and a = 0.10 for each order indicating that the second
table

order regression was the only order not rejected. The correlation coefficients

for the individual dynamic cushioning curves (IDCC) were in the 0.70 to 0.96

range.

Consequently, the IDCCs took the general form:

2
b= -+bsa ob(I+b ( -cos csiYi b0 + l 1 os 2 \

The resulting IDCC equations for predicting the maximum acceleration as seen

by the interior box are given in Table III. These equations may be utilized

over the specific data range which was identified by the experimental data.

They represent the specific mathematical model given for each temperature.
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Table III. Interior Box IDCC Equations

Drop
Temperature Height

(OF) (in.) Box Equation

-65 12 y = 34.56 - 40.75(1 - cos x) + 24.83(1 - cos x)

18 y = 43.13 - 45.38(1 - cos x) + 29.40(1 - cos x)2

24 y = 32.15 2.97(1 - cos x) + 9.08(1 - cos x)2

30 y = 46.9C - 58.71(1 - cos x) + 60.42(1 - cos x)2

-20 12 y = 42.26 - 110.62(1 - cos x) + 118.69(1 - cos X)

18 y = 43.43 - 74.75(1 - cos x) + 68.70(1 - cos x)2

24 y 64.63- 170.13(1 - cos x) + 164.84(1 - cos x)

30 y = 62.51 - 123.09(1 - ros x) + 120.88(l - cos x)2

20 12 y = 42.18 - 109.62(1 - cos x) + 108.26(1 - cos x)2

18 y = 41.70 - 55.87(1 - cos x) + 48.88(1 - cos x)2

24 y 43.74 - 49.24(l - cos x) + 36.23(1 - Cos X)2

30 y 57.55- 130.25(1 - cos x) + 151.13(1 - Cos X)2

70 12 y = 32.07- 58.67(1 - cos x) + 61.64(1 cos X)2

18 y = 38.33- 43.61(1 - cos x) + 30.49(1 - COS X)2

24 y 36.04- 9.38(1 - cos x) + 0.09(1 - cos X)2

30 y 60.49- 145.11(1 - cos x) + 160.52(1 - cos x)

110 12 y = 27.03 - 49.05(1 - cos x) + 47.24(1 - cos x)2

18 y 28.47- 13.52(1 - cos x) + 7.67(1 - cos x)2

24 y = 46.28- 73.39(1 - cos x) + 65.84(1 - cos x)2

30 36.47 - 45.93(i- cos x) + 64.80(1 - cos x2

LoJ 30 y 31.97 - 86.81(1 - cos x) + 96.25(1 - cos x)
12 1 218 y = 32.30 - 50.53(1 - cus -) + 53.23(1 - cos x)2

24 y - 31.17 - 46.78(1 - cos x) - 63.77(1 - cos x)2

30 y - 45.80 - 54.76(1 - cos x) + 51.37(1 - cos X)2

Figure 15 provides a representative sample of an IDCC plotted from an equa-

tion from Table I1.

The IDCC's developed are applicable only to a specific tempezature

and drop height with 2-in. Minicel btdk cushioning. The next step is the
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50-

35-
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40-
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U4

S35-

0

0.088 0.338 0.588 0.838 1.088 1.338 1.538

STATIC STRESS (psi)

Figure 15. Interior box IDCC prediction at -65 0 F and
a 30-in. drop height.

development of the general model for 2-in. Minicel which has as independent

variables, drop height h, static stress a, thickness of cushion T, and®- s

temperature 0, and as a dependent variable, G, the peak acceleration.

The initial model, Equation (IV-11), proved deficient in representing

7 -the nonlinear Characteristics of cushion response for the interior box. Con-

sequently, a modular modeling technique was utilized in which each independ-

ent v.riable was studied with its eff3ct upon the dependent variable. Previous

k research efforts [101 have shown that the peak acceleration is related to an-I A
exponential form of temperature 0. Similarly, the drop height h has been

I MiI i_

.... I



44

found to enter the mathematical model as the square root of that value, while

thickness T is a negative exponential. Note that the data transformation

(1- cos U s used for static stress in the IDCC equations, is also utilized

here for static stress.

A stepwise regression procedure was utilized in acquiring the general

model expression. Draper and Smith 1181 offer this procedure. as an improved

version of the forward selection process for variable selection. In the step-

wise regression procedure, the variables already in the equation are reeval-

uated at each stage. A total of 45 terms were examined in the stepwise

regressior procedure. These terms were various combinations of variables

found by previous research [9, 10, 11] to describe the behavior of bulk

cushioning. Table IV lists the 45 terms. The variable combinations are

identified by an x in the appropriate column. A zero value in the coefficient

column indicates a variable combination which is not in the developed model.

The interior box general model may be stated as:

G=C +Zh/2 1 1 3i
G0 k0 T(1/2+k) Z Cijki (1 - cos a.)1=0 =O Tj=1 i=0

3 2
+ o n Z c In~os~

n=1 m=0

From this general model it is necessary to select the combina~ion of

terms which best describes the situation to be modeled. Each time a variable

is added to the interior box general model, it is necessary to evaluate the

A
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Table IV. General Model for Interior Box

Varlableb

Tirmb Coufficient 2  
3 ,1/1 T 

1 1
- o o s )  co q

- f "e 
-tc 

en
0 -14.475703

1 0.0 X2 0.0 X X
3 0.0 X 

x
4 7.1865626 x
5 0.0 x X
6 0.0 x X '
7 0.0 X x
8 0.0 

X x
9 0.0 X X X

10 0.0 X x
11 0.0 X w'
12 0.0 x X .
13 -0.57911897 x x
14 0.0 x x X X
15 0.0 x x x
16 0.0 x x x
17 0.0 x x xX
18 0.0 x X X
19 0.0 x X
20 0.0 x x X
21 -0.53894447 x 

X
22 0.0 x x X
23 0.0 x x X X
24 0.0 x xX
25 0.0 X X X
26 0.0 x x x X
27 0.0 x x X
28 30.088255 x x
29 0.0 x x X30 66.557902 x X X
31 0.0 x XI 32 0.0 X X33 0.0 

X

34 0.0X
35 I4.1031526 

X
36 0.0 X X

37 0.0
38 0.0 X

39 0.0 x
4 0 I0.0

41 -10.219992 
'C42 0.0 

X
43 -0 22965288 X
44 0.0 

-4 5 0 .0 I

NF + 460
100

4j
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resultant dynamic cushioning curves to assure the proposed model is provid-

ing the hypothesized U-shaped curves of unconfined testing which do not

possess negative peak accelerations and the curves are distinct. Obviously,

many of the proposed models are similar in their predictive ability. However,

based upon first-hand observations during the experimental phase, and

supported by statistical evaluations at each step of the model development

effort, it was determined that the best interior box general model to describe

the confined situation for the cushioning material under consideration was a

constant and eight independent variables. The resulting nine term interior

box general model is:

3 2

1/2 2h1/2 0 (1 - Cos 2
0h 0h 6 1c s

G -14.88 + 7.19 Oh 0.58 3 0.54T 3/2 T3/2 T 1/2

2 3
0(1-cos 5 ) a (1-cos )

+ 30.99 T + 66.56 3/2 + 4.10 T 3 / 2

2 3
- 10.22 0 (1-cos a) -0.23 o

where

0F + 460
100

The confined general model has a 0. 806 correlation coefficient. All

statistical tests have been performed at an alpha level of 0o 10. The model

should be used only within the ranges of the following independent wriables:
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j h = drop height from 12 to 30 in.

u = static stress range from 0.088 to 1.255 psi
5

0 temperature from -65 to 160 0F.

The model will predict accurately within the ranges given for the

previously mentioned variables. Since data were not available outside the

ranges of the independent variables, 'the accuracy of the model to predict in

those ranges is unknown.

Figure 16 is a typical example of the predictive ability of the interior

box general model. It is noted that the curve is U-shaped and pbssesses

characteristics similar to the unconfined situation. Further comparisons

between the confined and unconfined models will be presented in Chapter VII.
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II Figure 16. Interior box general model prediction at -65F and
a 30-in. drop height.
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Total Box Model Development

The manner in which the experimental design acquired experimental

data permitted the acquisition of total box peak acceleration observations at

no additional testing cost. Consequently, three accelerometers were attached

on an internal surface of the exterior box to acquire these peak accelerations.

Since the interior box varied in weight, the total weight uf the interior

and exterior box combined also varied. This total weight variation was also

affected by the moderately varying weight between each of the individual

outside boxes. A summary of the individual box weights, both interior and

exterior, is given in Table I.

Since the total box weights did vary, it was hypothesized that a total

box model could be developed that could predict the peak accelerations which

the exterior box encounters as a function of total box weight. Furthermore,

it is intuitive that as box weight increases, the G-level will also increase.

What is not known is the effect of temperature upon the exterior box and the

increased total box weight. It is anticipated, however, that the total box

model will be linear in nature.

The total box experimental data are given in Appendix B, with truly

anomalous readings identified with an asterisk, based upon an outlier pro-

cedure. The best fitting equation for a particular drop height and temperature

situation was determined in the same manner as that utilized for the interior

box. The correlation coefficients for the individual box equations were in the

0.65 to 0. 80 ratge. A complete set of individual total box equations is given
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in Table V. The computer program used to obtain the individual total box

equations is given in Appendix E. It is significant to note that 22 of Lhe 24

developed individual total box equations possess a positive slope, verifying

the earlier conjecture of increasing peak acceleration as a function of increas-

ing weight.

These equations will predict total box peak accelerations for a par-

ticular drop height, temperature, and total box weight. However, the pre-

dictive range is limited to the values of the basic experimental data. Figure

17 is a typical plot of a total box individual equation.

To provide further compatibility between the interior and exterior

boxes, a general model is desirable which depicts the peak acceleration

anticipated by the total box. Consequently, the data utilized to develop the

individual total box equations is combined to provide an experimental basis

for a general total box model. The total box model development modifies the

procedure utilized in the development of the interior box general model. In

particular, weight (W) is substituted for the term (1 - cos x).

The total box model may be stated as:

13 1
G =C 0 + Zh Z 0 C (W)

1=0 j=l i=O

From this general model it is possible to identify the combination of

terms which best describes the situation to be modeled. Each time a variable

is added to the total box general model, it is necessary to evaluate the

m wi~a |la a r
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Table V. individual Total Box Equations

Temperature Drop Height
(OF) (in.) Box Equation

-65 12 y =-239.44 + 5.78 W
18 y =-281.00 + 7.29 W

24 y = 103.33 +1.24 W

30 y -122.48 + 4.58 W

-20 12 y =-551.45 +11.04 W

18 y 92.67 +1.06 W

24 y =-409.48 +9.23 W

30 y = -36.99 +3.52 W

20 12 y= 30.66 +2.21W

18 y =-145.90 + 4.98 W

24 y= 94.72 +1.06 W

30 y =-266.22 +7.76 W

70 12 y =-208.96 + 6.67 W

18 y = -440.38 +11.38 W

24 y =-272.13 +9.19 W

30 y = 102.01 +2.39 W

110 12 y =-415.67 + 9.08 W

18 y = 26.12 + 2.05 W4

24 y = 749.16 -9.66 W

30 y= 97.08 + 9.92 W4

160 12 y = 300.21 - 3.30 W

18 y = 123.22 +0.51 W

24 y =-237.87 +6.27 W

30 y = 113.78 +1.31 W
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Figure 17. Individual total box prediction at -65 0 F and
a 30-in, drop height.

resultant total box line to assure the proposed model is providing the hypothe-

sized positive sloped line. The positive sloped line is based upon the concept

that force is in direct proportion to weight. This leads to the selection of the

Mfollowing total box model:

2l/2 3h1/2
G -6.3548 + 0.07230 - 0.00920 h W

The confined total box model has a 0.772 correlation coefficient.

As can be seen, the previously mentioned model contains temperature

o , drop height h, and total box weight W as the parameters which vary.

Consequently, it is possible to select a particular temperature, drop height,

and total box weight, and predict the peak acceleration for those conditions.

-j=

I
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Figure 18 is an example of the predictive ability of the total box general

model.

185-

18C-

S165
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BOX WEIGHT (1b)

Figure 18. Total box general model prediction at -65"F and
a 30-in. drop height.

The immediate task then is to . alidate the general models which have

been developed in this chapter. This will be accomplished in Chapter VI.

45-



CHAPTER VI. MODEL VALIDATION

In the previous chapter a basis for a general model was presented

which approximates the peak acceleration upon an item within a cleated ply-

wood container cushioned with corner void pads of 2-in. Minicel. This model

had the general form:

11 3 2

T(k+l/2) C Cijk(1 -Cosa )
1=0 k=O T3=1 i=O

3 2

+ Z on  Z C (I-c°Srs)m

n=1 m=O

Out of the 45 terms generated by aie previous equation, eight terms were

retained using a stepwise re ression procedure. Before the general model can

be accepted as adequately predicting impact response, it must be validated.

To provide data for validation of the general model, additional drop

tests were conducted in the same manner as the original drop tests. These

tests were made at the same temperatures and static stress levels as pre-

viously, but at only one drop height, 21-in, Twenty-one inches was n:t one of

the original drop heights. The 21-in. data were not utilized in the general

model development but are unique data dropped at an intermediate drop height.

These data are given in Appendix F.

53
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Identification of Validation Approach

The ultimate test of validity for any model is to assess the ability of

the model to predict some parameter, in this case, impact response.

Natrella [191 states that "many statisticians, when analyzing an experiment

for the purpose of testing a statistical hypothesis, find that they prefer to

present results in terms of the appropriate prediction limit." The problem,

of course, is that every statistical test cannot be put in the form of a predic-

tion limit. In general, tests that are direct tests of the value of a parameter

of the parent population can be expressed in terms of prediction limits.

The choice then is between a significance test which provides a go/no-

go decision, or a prediction limit approach which provides much more informa-

tion. The prediction limit procedure contains information similar to an OC

curve, and is intuitively morr appealing than a test of significance. If the

model value is contained within the prediction limits, it is possible to state

that the model has been validated. The width of the prediction interval is a

good indication of the firmness of the yes/no conclusion. A great advantage

of the prediction limit approach is that the width of the limit is in the same

units as the parameter. Consequently, the information is easy to compare

with other information already obtained. Thus, the prediction limit approach

will be utilized in an attempt to validate both the interior box model and the

total box model.

[
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Interior Box Model Validation

The prediction limit method is based upon the premise that the general

model is valid if, for selected values of static stress, the general model

predicts values within the prediction limits. This method generates predicted

peak accelerations for both the individual dynamic cushioning curve (IDCC)

and the general model, using the IDCC to establlsh prediction limits.

Mendenhall and Scheaffer [20] outline an appropriate equation for the

development of prediction limits for a second-order equation which can be

modified for me interior box situation as follows:

ZA
PL y At sjl[l~~~

lB a/2[

where PL = interior box prediction limit
lB

2
y = b 0 +b l (l-cos a) +b 2 (l-cos as)

0[1 1
a= 1-cosa

1cosas

-11 (lcoS ) (Yl~ c s)

- _ 1 (i - COS a2) (1 - co s2

1-cos a (1-cos a
s n

__ a
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Any alpha level can be utilized in the equation for the development of

prediction limits. However, to be consistent with previous statistical tests,

alpha is set at 0.10 for all prediction limit calculations in this work. Pre-

diction limits are calculated at selected static stress levels for the usual

combinations of temperature and a drop height oi 21-in. The computer pro-

gram for the interior box validation is given in Appendix G.

Table VI provides a typical example of the computer validation method

for a temperature of 200F. It should be noted that the static stress values are

permitted to continue to 1. 538 psi to indicate the general form of the curve

beyond the upper data limit of 1.255. The column entitled IDCC represents

the predicted peak acceleration based upon the experimental data for a par-

ticular temperature and a particular drop height. The upper and lower pre-

diction limits are developed around the IDCC function and are shown in Columns

Three and Five. The general model is then given the specific temperature and

drop height under consideration, with the general model output given in Column

Four. When the general model output is contained within the prediction limits,

the general model is capable of predicting peak acceleration response with

sufficient accuracy to be utilized in actual practice.

As can be seen from Table VI, the values calculated by the general

model fall within the developed prediction limits. In fact, at the point of

maximum cushioning (approximately 1.07 psi), the IDCC and the model predict

within 2.65 G's of each ocher. Similar results are noted for the other five

temperatures as shown in Table VII. In five of the six cases, the general

-:



57

7 Table VI. Prediction Limit Validation for Interior Box
at 20°F and a 21-in. Drop Heighit

Acceleration (G)

Static Stress -

(psi) IDCC Lower-P Model Upper-P

0.088 49.60 36.03 45.17 63.16

0.138 49.00 35.52 44.75 62.48

0.188 4S.15 34.78 44.16 61.53

0.238 47.07 33.82 43.40 60.32

0.288 45.77 32.65 42.49 58.89

0.338 44.28 31'.28 41.44 57.28

0.388 42.62 29.73 40.27 55.52

0.438 40.83 28.01 39.01 53.65

0.488 38.94 26.15 37.67 51.72

0.538 36.98 24.19 36.27 49.77

0.588 35.00 22.17 34.85 47.83

0.638 33.03 20.13 33.44 45.93

0.688 31.12 18.12 32.05 44.12

0.738 29.31 16.20 30.73 42.41

0.788 27.65 14.44 29.49 40.85

0.838 26.17 12.88 28.38 39.46

0.888 '..,.93 11.59 27.41 38.27

0.938 23.96 10.61 26.62 37.32

0.988 23.31 9.97 26.04 36.66

1.038 23.02 9.70 25.68 36.33

1.088 23.11 9.80 25.58 36.42

1.138 23.63 10.27 2-.76 37.00

1.188 24.61 11.05 26.24 38.17

1.238 26.07 12.09 27. 0,1 40.05

1.288 28.04 13.33 28.17 42.74

1.338 30.52 14.69 29.64 46.35

1.388 33.55 16.15 31.47 50.95

1.6-8 37.12 17.67 33.66 56.56

1.488 41.24 19.27 36.21 63.20

1.538j 45.90 20.95 39.12 73.85

-4

4;N
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Table 'Vil. Summary of Interior Box Prediction Limit
Validation Results

Prediction A at Maximum
Temperature General Model Within Cushioning Level

(OF) Prediction Limits (G's)

-65 Yes -0.05

-20 Yes 5.34

20 Yes 2.56

70 Yes 6.82

110 Yes 4.12

160 Yes 1.37

model predicted higher than the DCC, providing for a conservative prediction

of the cushioning ability of the particular material under the specified condi-

tions. The remaining case - OF) indicated an optimistic prediction for the

model. In cushion design it is desirable to predict in the conservative direc-

tion rather than in the optimistic direction. In general, the results presented

in Table VII are very acceptable.

Total Box Model Validation

The ,otal box model validation is somewhat less complicated than the

interior box model validation. The primary difference between the two models

is that the interior box model is quadratic while the total box model is linear.

Consequently, the total box model prediction limits are acquired from the

first-order equation modified as follows:



TB - .e,,,,

where PL = total box prediction limit
TB

A
y = b +bW

0 1

1 W1

1 W
n

The alpha level utilized for total box validation purposes is 0. 10. The com-

puter program for total box validation is given in Appendix H.

Table V[II provides a typical example of the prediction limits for a

temperature of 200F. The weight range for the total box is from 55. 13 to

61.31 lb. Consequently, a weight range of 55 to 61. 5 lb, by 0. 5-lb increments,

was selected for the development of prediction limits.

As can be seen in Table VIII, the individual total box line (ITBL)

ranges from 144 G's at 55 lb to 164 G's at 61.5 lb. Over the same weight

range, the total box model predicts values of 158 to 177 G's. The slope of j
both linear equations is noted to be positive which appears to be intuitively

-M
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Table VIII. Prediction Limit Validation for Total Box at 200F and
a 21-in. Drop Height

Weight Acceleration (G)

(ib) ITBL Lower Model Upper

55.00 143.95 29.68 157.99 258.23

55.50 145.44 34.08 159.48 256.80

56.00 146.93 38.16 160.98 255.71

56.50 148.42 41.89 162.47 254.96

57.00 149.92 45.24 163.96 254.59

57.50 151.41 48.20 165.46 254.62

58.00 152.90 5J.74 166.95 255.05

58.50 154.39 52.86 168.45 255.91

59.00 155.88 54.55 169.94 257.21

59.50 157.37 55.80 171.44 258.93

60.00 158.86 56.82 172.93 261.09

60.50 160.35 57.02 174.42 263.68

61.00 161.84 57.01 175.92 266.67

61.50 163.33 56.60 177.41 270.06

correct, siace a heavier falling item is expected to impact a rigid surface with

more G's than a lighter falling item. It is also noted that the model values

fall within the prediction limits associated with the ITBL for this particular

case. In a similar fashion, the model values for the remaining five cases all

fall within their respective prediction limits.

Table IX further substantiates the intuitive feeling expressed in the

previous paragraph. The slope for all six ITBL equations is positive, indicat-

ing that G 's increase as a function of increased weight. Table X presents the

peak acceleration ranges for the ITBL and the model for the six different
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Table IX. Regression Coefficients for ITBL for
21-in. Drop Height

Coefficient

Temperature b b
(OF) 0 1

-65 -195.04 6.14 4

-20 -49.02 3.30

20 -20.00 2.98

70 -235.70 6.27 4

110 65.21 1.63
160 -51.44 3.46

Table X. Model and ITBL G-level Ranges for
21-in. Drop Height

Temperature
(OF) ITBL Model

-65 142.85 - 185.85 135.60 - 153.66

-20 132.43 - 155.52 149.64 - 169.50

20 143.96- 164.83 157.99 - 178.91

70 108.92 - 152.78 161.55 - 182.92

110 154.67 - 166.05 157.82 - 178.71

160 139.09 - 163.33 143.46 - 162.52

temperature levels. All six cases are noted to exhibit the expected near

parallel line phenomenon, that is, the two lifies are nearly parallel and do not

intersect over the data range. Also, in five of the six cases, the model predicts

higher peak accelerations than the ITBL, resulting in conservative designs.

The only case in which ths is not true is for -65 0 F. Since this case is at one

1-
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of the temperature extremes, it is possible that an unidentified physical

phenomenon is taking place. However, a more plausible explanation is that

erratic observations due to uneven drops have caused a distortion in the data

for this one temperature. it should be noted that a similar situation exists

for the interior box at -65 0 F, resulting in optimistic designs.

Thus, the validation for the total box model has shown that all model

predictions are within the specified prediction limits. Hence, it is believed

that the total box model is an adequate means to predict peak acceleration for

intermediate temperature and drop height requirements for a total box

possessing similar weight and size characteristics.
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CHAPTER VII. RESEARCH FINPINGS

In Chapter V two general i-npact response models were developed, one

for the interior box and one for the total box. Validation ot these two veneral

models was accomplished in Chapter VI. This Chapter will demonstrate the

areas in which these two models may be utilized.

Integration of the Two General Models

As previously noted, the interior b'x r-:.eral model prediction of peak

acceleration is a function of static stress, temperature drop height, and

cushion thickness. The total box general model prediction of peak acceleration

is a function of weight, temperature, and drop height. It is desirable to view

the two general models as an integrated pair, in which the interior box general

model is a subset of the total box general model. Then, it is possible to

isolate the shock absorption capabilities of the cushioning material by taking

the difference between the total box modcl results and the interior box model

results for selected values of static stress.

Since the two models were developed with different (but related)

parameters, to achieve compatibility it is necessary to utilize the basic

equation: A

63
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w
s A

where

a an interior box static stress values

W = weight of the total box

A footprint of the tot.AL box.

The footprint of the total box is the surface area of that portion which makes

contact with the rigid surface. The experimental total boxes possessed sur-

face areas of 172.5 in. 2 . Since the weight range of the experimental boxes

was from 55 to 61. 5 lb, substitution of these values in the previous equation

gives the range of static stress values for comparison purposes.

Utilizing the 21-in. validation data as an example (Tables XI through

XVI), it is observed that the interior box has not reached the optimum loading

point at any temperature level. The optimum point would be an inflection point

on the curve plotted from the interior box column. In fact, the interior box

peak accelerations are decreasing slightly with increases in total box weight.

Furthermore, in each case the cushion still possesses sufficient ability to

absorb most of the increase in peak acceleration which occurs as a function of

increased weight. As expected, the total box peak accelerations continue to

increase as a function of increased total box weight. The computer code

utilized to develop Tables XI through XVI is contnined in Appendix I.

I-- --R
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Table XI. Integrated Confined Model Data for -65°F and
a 21-in. Drop Height

Box Weight Acceleration (G)

(i1) Total Box Interior Box Cushion

55.00 135.59 41.38 94.20

55.50 136.88 41.33 95.55

56.00 138.17 41.27 96.90

56.50 139.46 41.21 98.25

57.00 140.75 41.15 99.60

57.50 142.04 41.09 100.94

58.00 143.33 41.03 102.29

58.50 144.62 40.97 103.64

59.00 145.91 40.91 105.00

59.50 147.20 40.85 106.35

60.00 148.49 40.79 107.-0

60.50 149.78 40.73 109.05

61.00 151.07 40.67 110.40

61.50 152.37 40.61 111.75

Table XII. Integrated Confined Model Data for -200F and
a 21-in. Drop Height

Box Weight ..... _Acceleration (G) _

(ib) Total Box Interior Box Cushion

55.00 149.64 42.27 107.37

55.50 151.06 42.20 108.85

56.00 152.47 42.14 110.33

56.50 153.89 42.08 111.81

57.00 155.31 42.02 113.29

57.50 156.73 41.96 114.77

58.00 158.15 41.89 116.25

58.50 159.57 41.83 117.73

59.00 160.98 41.77 119.21

59.50 162.40 40.70 120.70

60.00 163.82 41.64 122.18

60.50 165.24 41.57 123.66

61.00 166.66 41.51 125.15

61.50 168.07 41.44 126.63

E
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Table XIII. Integrated Confine~d Model Data for 20 0F and 6
a 21-in. Drop Height

Box Weight _______Acceleration (G)

(lb) Total Box Interior Box Cushion

55.00 157.99 41.85 116.13

55.50 159.48 41.79 117.69

56.00 160.98 41.73 119.24

56.50 162.47 41.,-.' 120.80

57.00 163.96 41.60 122.36

57.50 165.46 41.54 123.92

58.0A 166.95 41.47 125.47

58.50 168.45 41.41 127.03

59.00 169.94 41.35 128.59

59.50 171.44 41.28 130.15

60.00 172.93 41.21 131.71

60.50 174.42 41.15 133.27

61.00 175.92 41.08 134.83j

61.50 177.41 41.02 136.39

Table XIV. Integrated Confined Model Data for 70*F and
a 21-in. Drop Height

Box Weight _______Acceleration. (G)
(lb) Total Box Interior Box Cushion2

55.00 161.55 39.65 121.89

55.50 163.07 39.59 123.48

56.00 164.60 39.54 125.06

56.50 166.13 39.48 126.65

57.00 167.65 39.42 128.23

57.50 169.18 39.36 129.82

58.00 170.71 39.30 131.~1

58.50 172.23 39.23 132.94

59.00 173.76 39.17 134.58E

59.50 175.29 39.11 136.17

60.00 176.81 39.05 137.76

60.50 178.34 38.99 139.35

61.00 179.86 38.92 140.94

61.50 181.39 38.86 142.52
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Table XV. Integrated Confined Model Data for 110°F and
a 21-in. Drop Height

B i Acceleration (G)Box Weight

(Ib) Total Box Interior Box Cushion

55.00 157.81 36.47 121.33

55.50 159.30 36.42 122.88

56.00 160.80 36.37 124.42

56.50 162.29 36.32 125.97

57.00 163.78 36.26 127.51

57.50 165.27 36.21 129.06

58.00 166.77 36.16 130.60

58.50 168.26 36.10 132.15

59.00 169.75 36.05 133.70

59.50 171.24 36.00 135.24

60.00 172.74 35.94 136.79

60.50 174.23 35.88 138.34

61.00 175.72 35.83 139.89

61.50 177.21 35.77 141.43

Table XVI. Integrated Confined Model Data for 160°F and
a 21-in. Drop Height

Box Weight Acceleration (G)

(ib) Total Box Interior Box Cushion

55.00 143.45 30.63 112.82

55.50 144.81 30.59 114.22

56.00 146.18 30.55 115.62

56.50 147.54 30.51 117.02

57.00 148.90 30.48 118.42

57.50 150.26 30.44 119.82

58.00 151.62 30.40 121.22

58.50 152.99 30.36 112.62

59.00 154.35 30.32 124.02

59.50 155.71 30.28 125.42

60.00 157.07 30.24 126.83

60.50 158.43 30.20 128.23

61.00 159.79 30.16 129.63

61.50 161.16 30.12 131.03
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Temperature Effects

Perhaps the most significant finding of this research effort is the

column entitled "Cushion" in Tables XI through XVI. Heretofore, the actual

peak acceleration absorbed by a cushion as a function of weight and tempera-

ture has never been calculated. Consequently, Figure 19 illustrates the

effect of temperature upon the interior box cushion as a function of total box

weight. It should be noted tlat the Minicel cushion performs well at the

lowest temperature, -65°F. This low temperature phenomenon is not common

to all cushioning materials, but indicates some unique characteristics for the

Minicel material. Further observation indicates that the Minicel material

performs better, from a cushioning standpoint, at approximately 70 F.

This phenomenon may be due to the closed cell construction of the .oam

itself. Minicel is composed of tiny closed cells in which air is entrapped.

C0.ompressing the closed cell is comparable to compressing a balloon. Two

factso - in the construction of the cell which contribute to the cushioning

ability of the foam material are the entrapped air and the walls of the cell.

As the foam material is cooled, the air contracts and causes the cell to be

compressed even though the cell walls are somewhat rigid from the cold

temperature. At the higher temperatures, the walls of the cell become softer

and are able to be compressed with less force than at lower temperatures.

At the very low temperatures the contraction of air is a factor and aL higher

temperatures the flexibility of the cellular walls is a cushioning factor [211.
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Figure 20 illustrates the effect of temperature upon the interior box

peak accelerations. It is evident that the total box weight has a much smaller

effect than temperature. Furthermore, the interior box experiences the

greatest peak acceleration near -20 0 F, and the smallest peak accelerations

at the high temperature extreme, 160 0 F.

Figure 21 depicts the total box peak accelerations as a function of

temperature. In this situation, the outside container is seen to be affected by

the different temperature levels, which means the wooden construction serves

as a better shock absorber at the cold and hot extremes than at ambient

temperature. The wood is considered to be a closed cell composite [20].

As a closed cell material it undergoes changes as the temperature varies.

One additional effect of temperature is observed when the data for a

particular item weight from Tables XI through XVI is selected. A summary

of these data is provided in Table XVII for a 55-lb item. The development of

an additional column in Table XVII which gives the percent of total box G's

absorbed by the cushion reveals that the Minicel cushion performs best at the

highest temperature, 160°F. It is noted that at the low temperature, -65°F,

the cushion absorbs 69% of the total box G's available increasing slowly until

a level of 79% is achieved at 1600 F. Hence, the cushion absorbs considerably

more of the available shock at the higher temperature than at the lower tem-

peratures. Similar results in cushion absorption occur for varying item

weights.
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Figure 21. Total box peak accelerations as a function of temperature
and total box weight at a 21--in, drop height.
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Table XVII. Cushion Absorption Percentage as a Function of Temperature
for a Selected Item Weight and a 21-in. Drop Height

Acceleration (G)

Total Interior Absorbed by Percent of
Temperature Box Box Cushion G's Absorbed

-65 136 41 94 69

-20 150 42 107 71

20 158 42 116 73

70 162 40 122 75

110 158 36 121 77

160 143 31 113 79

Confined Versus Unconfined Comparisons

It is generally accepted that designing cushioning systems from uncon-

fined (flat pad) drop tests will result in conservative (too much cushion)

designs. The problem has been that the magnitude of conserv t ism which was

experienced was unknown. Consequently, knowledgeable cushioning system

designers continue to utilize the best source currently available (i.e., uncon-

fined data).

The rcsults of this research permit a comparison between confined and

unconfined test results. As previously noted, McDaniel [101 developed a

general Minicel cushioning model based upon unconfined data. Both this

hresearch and McDaniel's utilized Minicel cushioning material, with each

including the 2-in. thickness. Since both models have genieralized the

W --Am
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temperature and drop height parameters, it is possible to compare the uncon-

fined interior box general model results with McDaniel's unconfined general

model results.

Typical results are shown in Figures 22 through 24, where it is noted

that the unconfined model predicts peak accelerations above the confined model

70-

65- UNCONFINED

60-

2¢2

0
z~ 550

LU

O4
,,, 50-

"' 45-

40 CONFINED

35

30

0.0 0.2 0:4 0:6 0:8 1.0 1.2 14

STATIC STRESS (psi)

Figure 22. Comparison of confined and unconfine peak
accelerations at -65 0 F with a 30-in. drop height.
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0.0 0.2 0.4 0'.6 0.8 1.0 1.2 1.A
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Figure 23. Comparison of confined and unconfined peak
accelerations at 70°F with a 30-in. drop height.

when one considers the optimum cushioning point as the confined model mini-

mum. This confirms the original hypothesis that unconfined drop tests result

in conservative designs. It is further noted in Figures 22 through 24 that the

optimum cushioning point (lowest peak acceleration) does not occur at theM

same static stress level for the unconfined and confined cases. In fact, when
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~Figure 24. Comparison of confined and unconfined peak
accelerations at 1L60°F with a 30-in. drop height.

the optimum cushioning point for the confined case is to the left of the uncon-

fndpoint (Figure 22), the two curves intersect to the right of both optimum

fin45

points. When the confined optimum cushioning point is to the right of the

unconfined optimum point, the two curves intersect prior to the confined

~optimum point (Figure 23).

Table XVIII summarizes the optimum cushioning point at the six

: standard temperatures for the unconfined and confined cases for a 30-ino

C.)
4 -



77

Table XVIII. Summary of Unconfined Versus Confined Peak
Acceleration Minimums for a 30-in. Drop Height

Unconfined Confined
}Ii Temperature -

(-F) Static Stress G's Static Stress G's

-65 1.238 40 1.038 33

-20 0.938 43 0.988 33

20 0.688 42 1.088 32

70 0.538 40 1.088 31

110 0.388 39 1.038 31

160 0.338 44 0.938 30

dr p height. For five of the six temperatures, the peak acceleration minimum

for the confined case is at a larger static stress value than for the unconfined

case. Only at -65 0 F is the peak acceleration minimum at a lower static stress

value for the confined case. Furthermore, irrespective of the temperature or

static stress value, the peak acceleration minimums for the confined case are

always lower than those for the unconfined case. Hence, once again the con-

servative nature of the unconfined approach is identified.

One additional point concerning the confined and unconfined general

models warrants mentioning. The general models available permit the cushion

designer to acquire cushion design information at any desired intermediate

drop height value between 12 and 30 in. Similar selections may be exercised

for the range of temperature between -65 and 1600°F.

SAW,-
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Figure 25 is an illustration of the confined and unconfined general

models' ability to predict at the drop height value of 20-in. for a temperature

of 110°F. The usual phenomena between the two general models are noted.

60-

55'

50-

z 45-
0

,4 UNCONFINED
-j 40
LU

w 35"

30"

25. CONFINED

20

0.0 0.2 04 0.6 0.8 1.0 1.2 1.4

STATIC STRESS (psi)

Figure 25. Comparison of unconfined and confined peak
accelerations at 110°F with a 21-i. drop height.



CHAPTER VIII. CONCLUSIONS AND RECOMMENDATIONS

The scientific evolvement of cushioning design is beginning to reach

fruition. Mindlin's [11 original scientific basis continues to serve as a frame-

work for advances into understanding the phenomena of cushioning. The equa-

tions of motion first derived by Mindlin served as a basis for the work con-

tained herein.

This research has resulted in the development of a general mathemat-

ical model for a confined cushioning system and a general mathematical model

for the exterior container which surrounds the confined corner void configured

cushions.

Conclusions

The objective of this research was to develop the methodology for

modeling the impact response for the Minicel cushioning material in the

unconfined state. This objective was satisfied through the development of an

experimental drop test design, conducting an extensive drop test program, and

then modeling the resultant test data.

The developed general model poitraying the peak accelerations of the

confined cushioning systcm utilizing 2 lb/ft3 Minicel material is

79
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G 1 1 h 1

1=0 k=O j=0 i= ijkR

3 1
+ Z 0m  Z C (1-cos s)

n=1 m=0 mn s

The model is predicated upon viscoelastic theory and incorporates the effect of

drop height, static stress, thickness, and temperature of the cushion upon the

peak acceleration of a confined cushioning system. This general model may 7-1

provide the basic underlying structure of peak acceleration for any of the other

bulk cushioning materials utilized in the confined configuration for shock

isolation. Utilizing the developed confined Minicel model, it is possible to

vredict the peak accelerations which the protected item will experience. As

expected, considerable disparity exists between the confined and unconfined

(McDaniel's research) results for a protected item. It has been known for

some time that the unconfined data result in conservative cushioning designs.

These confined results provide a measure of this conservatism.

In addition, a general model was developed portraying the peak accel-

erations experienced by the total container. This model may be stated as
S1 3 1i

G =C + 0i
1= 0 j=1 i=0

This model incorporates the effects of drop height, temperature, and total box

weight upon the peak acceleration of the tol container.
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The total container model places the temperature concept in perspec-

tive, since it is possible to identify the cushion absorption capability as a

function of changing temperatures. Interestingly, the cushion is most effec-

tive at the high temperature extreme, which is a unique characteristic of

polyethylene cushions.

It is believed that the combination of the two developed models provides

the cushioning system designer with another measure of cushion performance

to assist in the design of cushioning systems. In particular, the assessment

of temperature controlled confined and unconfined cushions provides informa-

tion unavailable until this time.

Recommendations

Based upon the consistent results obtained in this investigation, it is

recommended that additional drop tests be performed to extend these results

to other bulk cushioning materials. This would provide the cushioning system

designer with a more valid indication of the materials' performanr: in the

confined state.

It also appears reasonable to develop an expanded experimental design 4

which includes containers from the 10-lb range up to 200 lb. This would

permit the extension of the total box concept to the entire static stress range

ordinarily desired. Perhaps the experimental design could emphasize data

compaction between varying box sizes as a means to reduce the voluminous

data problem.

£Z SWR
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The testing of containers in a controlled temperature environment is

very costly. However, based upon the significant temperature results obtained

by McDaniel, and the drop tests conducted in this research, it is recommended

that any additional confined cushioning testing include the minimum six tem-

peratures utilized in this work.

It is also possible that the general methodology provided in this

research effort may be applicable to a relatively recent approach to cushion-

ing, which involves a material in the form of bubbles in which air is entrapped.

Since little is known about these bubbled cushioning materials' performance in

the unconfined state, perhaps it would be best to progress to the confined state

immediately. The methodology is now available to make this analysis, if the

cushioning system designer desires.

I
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livfrl" o OX UATA A1NALYSIS

L .,il4ZI (flIVzjK f.ALS THE C;USriIUiv VAIEHiAL UATA RECORD C04SISTING OF
IEmPLRFAUkLt IUtK.P HEIGHT. TmICK14LSSP SrRESS-LEVEL# G-iALUEP

NtPLiCA1IO'4 MrNL MATLRIAL TYPE (1w~ THIS ORULER).
INITIALIZE.S ARkhMYS CALL OuT~th (OUTLIER SUBPROGRAM)# AID CALLS

tL (LVtKE& (CURVILII,4LA ItEGfESbIdt4 SUbPROI6RAt).

L. IHt. OUTr'UT IS iiil THE FORM JF:
L. IFOh A PjARTiCULAC

I . DROiP HIGHIt~TEMPEFCTUREPAND HAlERIAL TtiICKiJES; A
C TAtLL ;,UIliTAIN1vdG li- STR~ESS LEVELS AND G-VALU;.St

AivU AiT POINT THAI AS REJECTED iY OUT"R IS A-So LISTED.

L 2. TthL F - SIATISTIC ,Ai., T~lr. FIRST, SLCONUP THIRu. AND
FOtRTri u~bIREE POLYmiUMIAL COEFFICIENTS ARE LISfEj.

uJ.'mENSIV14 LOLFI~t,)v YI(75)t SIb2HAT(4)
LDIMLNSIOII ANEt*t75)t YN4LW(7a)
iul.LvSIUN ST~lb)

I *70b..7uI5.7G8,8431.d43..843,k.2bb*l.255,1.2b5 I

&F LAGU
,J=j.

t'Rja1iT 2.300
bu TO 200

J=iL

PRCINT 2.300
jO TO 35iO

eau cEku( bpl7u0pC.Nqu=too) AlA2,A3tA4eA5,Ao(ALPH()DI1,3a)
ALF(lNT*LQ*U)DT%)=Al
IF (Al.awE. DTJ ) 60O TO 506j
KNI=KNT+l

60u TEMP=Al
PRANT bDOupA4pAb
LIHI:A2

b(IiNT)=(ST(J)PAb)/A4
.35u COvoTINUL

LA&



109

L'Ee=Ab
JT~j-Al
%7 10 26u

0ou IFLAG1l
D~, I $S=KNrf

IJO 600 I=IPNI'Tb

ocu COiITNtjL
wRITh. (ovIb~u) ALPh.LH1,TLtippTHCK

I TLMP=N~PT~r
lou IF (1.bvT.i1Elv) %20 TO 10OU

tjG TO 700

L.ALL OUTLR (NP4StX#Gv,4-PTS#ALWvYwEtW)

Ilu3 W41:tl+I

CA..L CVt'c%7 (1Woie**iTSeXNEhrYi4EtUER..COEF)

POLYNOMLAL CALCULATION
LJO 120(1 1IIv4EwuliS

±FtN1l.Lw.3 )YI(I)=VI(l)+COLF(4)*XNEh(1)**3

lzuO L.Oi4TiNUL

uF-EwPlS-t41-I

IF ((a1.tT.i) Gu TO 130cU
oO TO 1100

lauO iF(NI *NE* 2) U010 1350
*RITL(fue'4u0) idCI'tUHTeTEMiiEWPTS(C)LF(I),I~lp3)
*uRirEcwD401O) (XNt-W(I)#,itNIEWPT5)
wRiTEWP14010) (1'NL(l)t11.a,LWPTS)

IJ 0 LOlvTINUt
IF (NI.LT.'4) Gv TO 1100

J14tj IF (IFLA6.LO.1) 60 To 150.,
(.0 TO 100

ib.,O STuP

lb O F K A / / X I ' E b 8 b t S G#Cl Q = r l * # X ' l ' I v S

I 'e~ibIN
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A ~luo I-Ot.AT (3FIO.,#oFilD.5#Iiu.u,4,X#3A4)
ibluO i !OtrAT(//I)'OA4'

t LJROP HLI~hT OFtrF5.i.2HvtD'e TEriPEkATURE ttFb*1
itti-P Tti±CKt.ESs'rFL,.j#2rih./)

19uD FOirmAT iti r8At'S7t(S LLVLLStt2lX9'1.,r-Co(STKESS L~vEL)'*gZ5Xt3HG

e- O 0 IaUMAT ii P3(3t10.4#5A))
4luO FOm iEAT (III t3ti-IU.4025)
?-4vJ F0ku'AT (1m- P3(41Ylu.4teiX))
r-3jO FOrLMAT(IHlbJp'l5,*R161WAL IATAtt//)

:)tuG F OATX v12.t eF lb. 5)

- klNu

Ot

FAm



bUuKUUTLNE~ OU7LRi (NPTS#XsYNLwPTS*XE.WYNEl%)

OuTLIER POINT i<LJE.CTIO.N SubPROGRAm.

NMEIHOD uASLl ON IriL NAiR CRITERION (AN ELXTLNSION OF TnE
L XL~btML STuLENi,4iZU ijEVIATE FROM THE. SAMPLE MEAN).

L
FOR TH-4 Srt OF UbbtRVAlIONS tiAVIN3 TNE LARoEST VARIANCE

I- AtCH OdbERVAT1UN OF THL SLT..IS TESTLu INEJIVIDUALLY AS A
L CAi,4bIDArEL IOR IILJLi,.TION AS AN~ OUTLIER.

uII-,LNSIUN X(Ihe YC1 ), XNEtf(l)p YiNEWCI) XA(25)t XB(2b)t XCC25)p YA
Lj2), Yjdb)o YC(2bj)p Ym.EAN(eb5)v S2N(2 )o KEYU45)
TE ]V = 1#34
uJO 100 iZ1,25

ILGu rEII)-U
N4TrMP=NPTS-2
L-Z1

!F (1i(76i.'lEkMP) (A) TO o00
GuTO 2bC
IF (X(J)-14L..Xtf,)) GO To 4w)
IF (X(l).1c.X(J)) W0 Tu 30)

f-b C.uiTINUE
~AAL)=X(I)

AkC L)=X(K)
v.A(L)=Ytl)
1b.L)=Y(J)
YCP(L)=Y(K)

CEYL) :0

L=L+lF 60 TO 2UG
3041 COwl INUL

CaO TO 2u0
+041 CoiiTINUL.

%-TO 200
Ziou COjiTINUt

HPzL
rPTS(L*3)-l

t. CALCULATL NEAN5 & VARIANCLS
u0 700 I11,NP



____ ____ ___ __ -- - - -7

112

1F (YAti.).iJ4E.Yud1).OR.YACI).iE.YC~i)) b~o TO 60u
fMANC1JYMA(i)

m2iTL(uf.U)YAM PSN)

tvO Tu 7uJ0
UOU L0~ii INL~t.

bp2iCI)=( VyMC)-Y~MLAN(l13)**2+(YI5CI)-YfqEAN(lI~))**2+(YC(I)-YMEAN(l)*

c ,>OKT IN OhuER UF .ECREASING VARIA14CL
C-ALL SUriT (tIPI )NYMEANYAthieYCXAPXBgXC)

C. %ALCULATE SNLJ

c SUm VAhlCAiS4LES
d0o., KNTiU

o.0 900 i.±eNP
IF (KEY(L).EU.i) U.(j TO guu
LF (I.Lu..L) Go 10) 90u
:>UfV=SUm~V+S2N(C )

vOqj COwTINUL

TEAbS( (YAs(L)-YMiLAW(L) )/SiiU)

ICz.MbS( (YCCL)-YMEAN~(L) )/Si'ad)
IF (TA~c-O.gB.Ln(TAEj.TC.UR.1B.EQ.TC) uC) TO 1300
TE;-MAX( rApTFI.It.)
IF (TE.LE*IESIV) tbO TO 13uo
IF (TE..63iA) bU( TO l0u0
II- (TE.c.Q.Tb) bUJ TV lluo
IF (TE.tQ*IC) vu To 12UO
bO TO IjO i

.LOuO wi~RTE (oP240U) LtXA(L)tYA(L),TEPSWU
AA .)=9v9.
iKEY (L)=i
vo 10 1600

lluO WRITE (b.i 40U) L#XiuCL)PYE8(L)pTLPSWU

rdEY L)=l
bO0 TO 16500

.leuO *AtTE Cu40u) L.XC(L)?YC(L)#TLbNU
AC (L)=999
KEY (L)=i

k;CHLzjCK To SL.E IF ALL VALUES
1..jQ IF (Lt.~g.iqP) 6u TO 14~0U

GO TO Buo
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L 1UJ IN 14EMt AI-KiAYS

140~. L=U

15U3~ L=L+I

I If- (XA(6)-99'-) luuO,17Ou#I1uO

ANL,*(NE*PTS)=XAtL)

i7;jJ IF (Kt3LV'9
9  1buOt1'gOOprouU

j(Ni:.w (Nt:#mTb) =Xo (L)
y~4c.Y (r4LoP f tb) Yo(L)

19%,a IF (XC(L)-999.) 20U0PZIOUtevuU

A AI'dLV (NLwPT!0=Xl' (L)

e- iv IF (L.orz.-NeI) ou TI' 220U
vO TO ItO00

e~vo Kt.uRN

eu FOmmAT Ijrdupl4Af#SAME YALULt) lp2Fb.O)

440U FOU&l-AT Io~kEJL(A PIwIT',i''# X( ='#Fd.'4t' 
'1 ='vF6*2t'Pt =tF6.291

r-NL
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uROUTI'J: CVKR.b 0qtPPt#LRvOF

LUKVILii4LAC H1%Z'EM,1ON

LUKVLINEA XL(2RES51ON DElc t-iIW~ES THlE t.QUATIONS

OF THE bTA11511(-ALL.Y &3tST FITTIN& POLYN~OMIALS OF FIR!Dlo

L 3LL.uJ'DP ThIRLJ ANUJ -OURIH IUjtiL:R.

MZI 411P

uQ 100 jl=It
UO Iuo J=Ipm

-Lou ACI#J)=u.

LiQ 400 r,:1tNPT

U
0O 300 JIFN,

IF (XP.J) .500?3j~uvzoi

jZf COidINUL

UO 400 l~e#N

WO t)o3'J=IvMuN
L IF A(fA(.i ) 8J),U9O

UO To0 1=0N

u IP1(L#)=I+J3.,4P

IOU 900 J-.m'tl

wO 1200 K~lpN
IF (I-I) 1(.OOJ4cUtUP100

lOio "O 1103 Jllm
11V3  (v=AKJAKv*A vj

iud CON~TINIJL
1.500 COidINUL

i.4uO IF (IEktK) 150utlbi4Jt1500
15600 wRITE Coe310u)

o,0 TO 2600
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L~uuo COA1j INUL
u0 1700 K~ltN

1700 CutF(K)=A(KPM)

aJo 1900 I=1#W4PT
YC=COEF (1)
iiO 1600 K~k#1

1800t yczYC+COEF(K)*)X(I)**(K-1)
R=Y(l)-YC

1.940 SUMR2=$UMK4+R*K
Sl PMA=SoRT (SUMIK2/ANPT)

Kj SSLHRRSUMkk

uo 2000 I=;,,NPT

j 4O040 :UmR2zStJM&i+Y (1)
uAkYI=SUMRk/NPT

00o 2100 I=I,NPI

S1, UmR2=SUMRZ+R*R
SSTOT=SUMRk
SXLG:SbTi1-SSt.N(

LSKEGbSb6/N1
UStRR=SE*/ (14I- (Nl+l))-I FRATO=uSRb/DS.RR
aEbFT=Nl
DEbFB=NPT-(Nl+l)
IERENPT-1
cTbSSERR/bSTOT

CORS% (I.0-ETS)
wRITE- W0300~0) '1h1
viRITE (o.2b00)
WRJ.U. (bP2700) SSFCEGPDE.GFT#U~SREGPFRATOrCORR
*RiTE (ot2b01J) SSLRR#DEGFuSebSERR
WRITE (op2900) SSTOTD.GRL:
ARMT Cb#2400)

bO 2200 I=1.1O

WRITE (Wt25OO) (KCN(I)fC0LF(I)vI=IvMM)

zjU REtURN

2400 FOhMAT (//t2Xe 'CURVE COEFFICIENTSI)
zbuo FORMAT (//2X#211b(fI,1H1) f3Xvk.1b7)

Z7uo FORMAT (//#2X.'OLIE T~tt5(4Xt~lO*a4))

edo FORMAT (//t2X 9AOUT't3(4XtEO*4))
Z900 FOrAMAT (//t2X,'T0TAL'Pv±(4XPE10e4))

,50j0 FORMAT (lHlt2X##ANOVA FOR CURVE OF ORDLR',13)

3~100 FORMAT (//t4X#ISINGULAK MATRIX to/p4X#'CURVE FIT IMPO$SIBLE')

10~
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bUbHOUTINE SORT(N'VALXleX~,X3,X4,XbeXbX7)

SbJROUTINL FORC bORUTNG N NUMbERS IN DEbCENLJING ORDER

LIO 100 iz1,M

a00 1(0 ILPN
IF(VAL(1) *GE* VAL(1I) GLU) luO
F =VAL(I)
VAL(I VAL(I±)
VAL(11) F

F=Aa(I)

X2(II)=F
Fx3(I)

A3(11)=F
F=A4(I)
A4(I)X4(1i)
X4(11)=-
F:Ab(I)
X5t1)=X5(1k)
Ab(Il)=F
F=A6(1)

Xb(lI)=F
F~x7(I)
X7(I)=X7(li)
JA7(II)=F

100 COi4TINUL.
HEURN

-E- ~u4
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L TOTAL BOX DATA ANALYSIS

C MAIN DR±VLK REA')S THE CUSHION MATERIAL DATA RECORD CONSIST!NG OF
to TEmPERATU(Lt LIRUP HEIGHT# THICKNESS# BOX WEIGHTS t 6-VALUE
I. LOA NUMoER ANu MATERIAL TYPt (IN THIS ORDER)

INITIALIZL5 ARRAYS CALL OUruk (OUTLIER SUBPROGRAM)p AND CALLS
C CVkEG (LUkVILIjiEAR REGRESSION SUBPROGRAM)*

C
TH-L F - STATISTIC AN4D THE FIRST# SL.CONL). THIRD AND
FOURTH iE(REE POLYwoMIAL COEFFICIENTS ARE LISTED.

C

DIMENSION WT(7b)t 6(75)t ALPH(3), X(75)PBOX(75)
uIMLNSION LOEF(IO)p YI(75)p SIGHATM4
D)ImENSION XNEW(75)p YNLW(Th)
KNT=O
IF..AG=o
KiFLAG=O
6O TO 2u0

viO TO 300
4i06 READ( 5tl7uOpEND=L4Uo) AltA2.A3.A4.A5,Ab,(ALPH(I)e11.3S)

IF(KNT.tG~u)Drj=A2
IF (A2.iNE* DTj 60G TO 50u
.NKNT~l

Jou TEMP:Al
Dhl=A2
THLK=Aa
UTujA2
iwT(KNT) =A4
bOA(KNT)=Ab

s2O TO 200
'400 IFLAG:1
t~ou w~PTS=KNT

DO bOO IiPNPTb
X(I) =wT(1)

uOu CON~TINU6
oRITE (belbOO) ALPtI.OHT#TL4PPTHCK
wRITE (oP1900)

I TLiPNPTS
70u IF (I.GT.IIEMP) GO TO 1000

r .T o20)W(ItuI BXI
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KFLA(3,=

GO TO 700
1j,0 COwTINU.

CALOTLR (NPib#XpbtNjM)TSpXNEMD 
YNEW)

1100 i4l=Nl+l

CALL CVKEG NPEPSXEtNEUERLOF

T c VOLYNOMIAL CALCULATION
LJ0 120u =rtaT

1iJo CONTINUL
iUFZNEMI'IS-NI-.

IF (Ni.',T.1) Gou TO 1306

GO TO 1100

13u0 1: %S((SI4ohATt41...1)SlHAT(Nl) 
)/SIGHAT (Ni))

IF (01*ILT*4) Go TO 1100

14UDO IF (WAGLQ.1) 60 10 1500
6O TO 100

17uo FORcMAT (3 Fl0*0rF1U.Zr2F1OEUrbXv
3A4)

141)0 FORMAT (1g11.3A'4'' DROP HrEIGHT Fb.,Hw' TEMPER1ATURE~ ',F6.1

lvhi' THICKNESS'tF'4I
2 Hqv)

19u0 FO*KAAT (Itl vZXp' BOX WEIGHti V, 12X3Hb5v 23X,80K NUMBER)

I .OFRAT(Hv(-1-PS)LI
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-)UuhUUl1INL OUTL' tNqPTSXY,('JLWFTSXNEVYNL*)

L oUrLIEk PU1141 KLJECTIUiq SUbPROGRAm

M~ElfiUD uASLD uii VIE NAIR CRITEIUIN (AN EXTLNSION OF THE
L LXlt(tmL STiJDENTIzEUj DEVIATE F-ROM THE SAMPL. MEAN).

o?:)) #() YC(25), YMEA14(25)t S2N(25)t KEY(Q5)
TLt:TV z1.734
iJO 100 L1125

l'4TLhPNPITS-2
L I

e0u LON-TINUZ.

IF t1.Gl*NlEMP) b(' TO to~j
.dzu CuWTIeaUE

AA(L)=X(L)
AB(L)=X(J)
AC1L)=XiK)
YA(L)=Y(l)
Y1(L)=Y(J)
YC(L)=Y(K)
t(ET(L)=u

1j,+3
bO TO 2JG

300 COrdTrNUL

(70 TO 200
4Ov COw.T1NUL

1=1+2
(7010O200

Z)OU COwT INUL

NP=L

C CALCULArE MEAi4S a VARIANCLt:
uO 700 1=1#NP
IF (YA(1).i'E.Yk(I)ORYA(1J.NE.YC(l)) 670 TO 60u
YMLANCI)=YA(I)
S2id(I)=O.0

(70 TO 700
t0o COr4TINUr.
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YMLAN(I)=(YA(I)+Y6(I)+YC(I))/3.
52N(I)=((YA(I)-YMEAN(I) )**2+(YB(I)-YMEAN(I) )**2e(YC(I)-YMEANCI) )**

700 CONTINUL

C $OKT IN ORUER OF DECREASING VARIANCE
CALL SORT (NPeS2NeYMEANYA.YBeYCeXAeXBeXC)

1; CALCULATE SNU
L:1

C SUM VARIANCES

SUMV:0.
D0 900 I=1,NP
IF (KEY(I).EQ.1) GO TO 900
IF (19E'Q.L) GO TO 900
SUM VSU4V+S2N (I)
KNT=KNT+l

900 CONTINUb
SNu=SGRT (SUMV/(KNT-1))

C TEST
TA=ABS( (YA(L)-YMEAN(L) )/SNU)

TB:BS ~Y(L-YMEAN(L) )/SNU'
TC=ABSC (YC(L)-YMEAN(L) )/SNJ)
IF (TA.LQ.TB.OR.TA.EQ.TC.OR.TBEG.TC) GO TO 1300
TE=MAX(TAPTB#TC)
IF (TE.LE.TESTV) GO TO 1300
IF (TE~t.Q.TA) tiO To 1000
IF (TE.EQ*TB) bo To 1100
IF (TE*LQ.TC) GO TO 1200
GO TO 1300

1000 wRiTE CbPZ400) LtXA(LhrYA(L)tTEvSNU
XA(L)=999*
KEY (L)=1
GO TO 1300

1100 WRITE (6t2400) L#Xd(L)rYB(L)pTEtSNU
Xe tL) :999.
KEY(L)=i
GO TO 1300

1200 WRITE (6#2400) LeXCCL)PYC(L)tTE#SNU
XC;(L)=999*
KEY(L)=l

C CHECK TO SEE IF ALL VALUES
1300* IF (L.EQ.N') GO TO 1400

L=L+1
WE 6O TO 800

C PUT IN NEW ARRAYS
1400 L=O

NEWPTS=O
1500 L=L+1

IF (XA(L)-999.) 1600,1700#1600
C POINT ACCEPTED

-F



lboo NEwPTS=NEWPTS+I
YJ4LW (NEviPTS) XA (L)
INLVE(NEwPIS)=YA(L)

1700 IF (XB(a-99
9 *)iO010~~U

1800 NEoPTS=NEWPTS~l
XNEW(NEwPTS)=Xb(L)
mew (t4EWPTS) =Yb (L)

1900 IF (XCCL)999-) 200,21O02O

Zouo NSEwPTSNEWPTS+l
XNk.W(NEwPTS)=XC(L)
YN-t W(NEVMPTS) YC (L)

2100 IF (L.GE-NP) 6O TO 2200

Go TO 1500

4~200 RETURN

~30 ~t4T(lHD,12XI'SAME VALUES .2,2TV6.0)2t

2i.00 FO44AT I0EJECT PONT',13"' X 
y'F.&' Y IF62,D 'F.e

JSNJ =F 6.2)
ENL)

-4z
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SUbROUTINE CVREG (INPTPXPYPOEGRE#COEF)

c CURCVILINEAR REGRESSION
t- CUVILINEAR REbRESSION DETERMINES THE EQUATIONS

C OF THE STATISTICALLY BEST FITTING POLYNOMIALS OF FIRSiP
C SECOND# THIRD AND FOURTH ORDER*

DIMENSION A(10t11)t X(l). Y(I)p COEF(I)v KON(lO)

M=N+l

UO 100 J1.MN

A (1.1)=NPT
DO 400 K=1#NPT
DO 300 I:1,NI DO 300 J=1.N
1P42=I+J-2
IF (IPJ2) 300t.300.e00

e-0f ACI#J)A1,J)+X(K)**IP.2
400 CONTINUE

DO 400 1=2tN

UO 500 J=1.NPT
Z)OG AC1,M)=AC1#M)+Y(J)

00 600 =IPM
DO 600 11.PN

606 A(1.J)=A(I#J)/ANPT
IEKR=0

00 1300 I11.N
IF (A(. I)) 800.700.800

700 IERR1l
6O TO 14&00

bOO TEmP10/A(ipI)
IPI=I+1
0O 900 J=IP1.i

900 A(IPJ):A(I.J)*TEMP
UO 1200 K=IrN

41000 (JO 1100 J1IP1.M
1100 A(KPJ)A(K#J)-A(KtI)*A(I,J)

1200 CONTINUE
i3O0 CONTINUE

1400 IF (IERR) 1500.1600.1500
1bO0 WRITE'tor3100)

GO TO 24~00
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IboO COITINU.
UO 1700 K=IPN

1700 (,0kF(K)ZA(K#M)
SUMR2=0*O
DO 1900 I~iNPT
YC=COEF (ii
UO 1800 Ke.#N

itsuo lC=YC+CoEF (K)*A(I )**(K-i)
R:'r(I)-TC

19b0 SUmR2=SUMRZ+R*H
SIbMA=SQRT (SUMk2/ANPT)
SSERR=SUMR2
SUmR2=Y~i)
00 2000 I~z*NPT

d000 SUMR2SUMRZ+Y C)
tAY1SUMRZ/NPT
SUMR2=O0 0
DO 2100 I=i*NPT

2100 SUmR2=SUM4R2+R*H
SSIOT=SUMRZ
SSRE6=SSTOT-SSERR
OSKE6=SSR~b/Nl
OSERR=SSERR/ (NPT- INi+ 1))
FRATO=DSREb/OSERR
UEbFT=Nl
DEGFB=NPT-(N 1+1)
DEbRE=NPT-i
ETS--SSERR/SSTOT
IF(ETS*GE~loO)ETS~lo0
CORR=SQHT (i.0-ETS)
WRITE (6#3000) Ni
WRITE (b12600)
WRITE (6p2700) SSREGPDEGFTPDSREGPFRATOCORc
WRITE (bt2b0G) SSERRtDEGFb#DSERR
WRITE (br2900) SSTOTtDLGRE
*RITE (bt2400)
I4MNIl
LO 2200 I=itiO

4200 KON(I)=I-i
WRITE (a,2b00) (KONCI) COLF(I) 'IieMM)

4300 RETURN
C

240F0KMAT (II.2X. 'CURVE COEFFICIENTS')
Z500 FORMAT (//2X,2Ib(v'11.11) 3XtEl5.7)
Z600 FORMAT(//t2X,'SOURCE'e9X,'S.S',9X,'D.F',9X.'M.S'.9X5'F'e 2X,'R')
?£700 FORMAT (//,2X'ODUE TO'.5(4XrEiO.4))
4800 FORMAT (//t2X#IABOUT't3(4XPEiO.4))
2900 FORMAT (//.2Xs 'TOTAL' '2(4XtEiO.'i))
3000 FORMAT (iHi,2X#'ANOVA FOR CURVE OF ORDEROP13)
.ii00 FORMAT (//t4XP'SINGIJLAR MATRIX It/t4X#'CURVE FIT IMPOSSIBLE')

ENU

Kv-



SUbICOUTINE FOR SORTING N iqumi3ERS 
IN DESCENUING ORDER

DIMENSION VAL(lhXlC1) ,X2(1),X3(1) 
eX4(1)eX5(1)#X6(1)PX

7Cl)

DO 100 L:1,m

LJO 100 II=LPN

IF(VAL(I) *GE. VAL(II)) GOI'O 100

F =VAL(I)
VALMI VAL(I)
VALCII) F

Fx2(I)

X2(11)=F

FX3( i)~
X311)=ZFl

F=X41I)
X4(1):X4C11)
X4 (II) F
F=X5(1)
X5(I):Xb(11)
X5(11)=F
F:Ji6(I)
X6(I)=Xb( Ii)
X6(11)=F
F~Jx7(l)

X7(11)=F
100 CONTINUE

RETURN
ENU



APPENDIX F. PEAK ACCELERATIONS AT 21-INCH DROP HEIGHT
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INTERIOR bOX VALIDATION

L

iNTLGER TYPEM
COMMON TYPLM(3) ,NV#CONSTpGOa.F(45)
COMMON 1PPLMTC#SSPGL#NVRPV(45)
LiIMEN~SION ?XC5UO) Y(500)t YM(500)t YPL(506)t
I YPU(5O0)rb(3)#YLt 5OO)#YU(5OO)
LIATA (TYPiLMC.)elel3) / 'Mt1N1't'CEL '.'BOX I/
LJATA (CuEFII)#l=1'45) /O.O.O0O.0eO7.lb65626v6*0.O,-.*,7911897e
A 7SO.O,-0-b389447,6*O.0e3Oeu88255t O*Ot6b*55790kt4*O.O,
b 4*1G3l526tb*O*OIbo2l9992#O*O,-O*2296b288r2*O.O/

c.

* 06Elo
CONST z-14.4757013

L-
c PRINT CUSHION MATERIAL TERMS AND COEFFICIENTS.

PRINT .5999PC0I4ST
PRiNT 40,(IrCOLF(I)p.lp45)

C
C NUMBER O.F COEFFICIENTS FOR THE MODEL
L

NV =45
W~A =45

C
400 PRINT 1700
C

REA, (5,IbOOENL)Z1500) TCPL)HPTPPNPTbg(Ls(K)PK=gP3)
NPI A=NPTS+l
READ(5,iOu) CX(LL) .LL=2tNPTA)
READ(5P3OOO) (Y(LL) eLL=2pNPTA)

bOO PRINT 2iOOP TYPk.M(l)#TYPEM(2)pTYPEM(3)p DHPTCPTP
x(1)=NPTS
Y(1)=NPTS
CALL CONF'IU(X#YPNPTS#YLPYUt6)
UELTAO.O05
XZ) =00*088

QOfO COiwTINUE
IF(ACI) .61. 2*b; GOTO 700

C
c SECOND URDLR POLYNOMIAL
CI

YCI)=Bt1)+b(2)*(19O COS(Xdl)))
1=1+1
XCi) =X(I-1)+UL~LTA
GOTO 500

700 CONTINUE
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ou COvidINU.

LIO 900 L=2#K
Y(L)=Y(L)Ob(3)$'1.u COS(X(L)))**2

ivEwERAL CUSHION MATERIAL MOu.EL

!;S X (L)

CALL MODEL

YM(L) =uL
906, CONIINUL
C
L CALCULAtE I'RECJCTION LIMITS

wPTA=X (1)

CALL PkLDIC(XYINPTAeYLYU~bYPLUYPU)

4;FlwDi m1.iImuM IU.CC 6-LEVEL

YMAN=1O0 *

DJO 1200 I=ZPK
IF (YMIIW.LL*Y(l)) 6O TO 12Ut,
Ymi'iY(l)
M1,

IeOO COtiTINUt.

c LiETERMINE VALIL* MODEL HAN66 FROM BOUNDED IOCC
C ANU PK~EUICTIO14 LIMIT!).

XL~xMIN-RANGE
XU=XMI14+RANGE
wRiTE (ot~bOO)
wRiTE (0p2b00)
LJO 1'400 I~ktK

IF(X(I).GE.XL.Arlo*XI)LEXW)IB=SH
IF(YPLCi).bT.Ut4C1).OR.YPU(I).LT.YM(l))N=3h
IF CYPLCI)*LE96.0) 60 TO 1500
wRITE (b#2700) X(I)iY(I).YPL(I).I8PyM(I),NPYPU(I)
bO 70 1400

C. NEGATIV. 6-VALUES SET TO-
13u0 %RiTE (bvecOu) X(I)PY(1)PIts#YM(I)PNPYPU(I)
14uG CONTINUr.

C PR&NT 500,B(1)fB(2)re;3)
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NEAT CASE
(bO10 4 u

(. ENui OF oiUo
Ibi,3 wRITE (6t2900j)

CALL EAST
C
L-
IotiO FOnKMAT(3Fb*2v1.5#3Fl2.7)
17u0 FOkMAT(lHI)
"JuO FORMiAT (///#2ZiS'O'.FIb.8)
440O FORMAT (ItXpIbFl5*b#5XvlbA4)
'z3uO FOKMAT (1tl1,1Au3A4#4XtF4eI.I IN* Lied. ItF7.ltf IN. ThlCKftF8.l'

iTEmiPERATUtRLI)
ebuO FO,(4AT (///1bX#'STATIC STUESS9#17X, ACCELEkATIOU (6)0)
eou FORMAT (2IXe'PbI''I3Xe'IDCC',4X.'LOwER-P',9Xe'MODEL'ebXv'UPPER-P')
4700 90,.c#AT(8XF749XF7.a4XF724XtA3tF7.2tA3,3XtF7.2)
e-U FORMAT(18XrF7e4'9XvF7.k,7X,'- ''r5X#A3uF7.erA3t3X#F7.e)
e9I%3 FORMAT (ie t.Fe OF Jodi')
SOtu0 FOkMATCIOFb.4)
j999 FOiKMAT(Hl5X9CONSTtFl5*7)
4000 FOKMAT(45(bXItFi5.8/))

LNu

I2
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L COMPUTE THE PREDICTION LIMITS OF THE CURVES

COmiMON TYPLt4(3) iNVeCONST#COEF (45)
COMMON TPLHPTC@SS#GL#NVRPV145)

(ilmtNSION AAK(D00#3)# TAR(5iu)t C(3)t A(3t3)t XIN(3#3)o EW3
TAh- 1.734&

YS=O0
NP IS:X (1)
U0 300 k113

AIra(ItL)=O.0

100 CONTINU.
iJ& 200 JzlPNPT!3
XAKAt~l)=O.0
YAk(D)-O*0

e00 CONTINUL
.J0u CONTINUt

UO 400 I1.PNPT!2
jz1+1

XAKCI,1) = X.0

AAK(Iv3)AR(IvZ)**2

00 600 I113
U0 500 J=1.NPTS
*C(L)=C(I)XAR(4I)*YAR(j)

bo4 COwaTINULi' BX= 8X+LAI)*B(l)
bOOi CONTINUE

i00 700 JIr1NPTb:
YS=YS*YAR(%J)**2

70ui CONTINUE

S=SQRT(SSQ)
U0 800 J=1eNPTS

Acig2):A(112)+XAR(Jvl)*XAkCJ,2)
A1w 3) :ACIP3) +XAR (Jti) *XAK(J, 3)

I't)A2v)XRJ2)XRJI
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A(k-Z)A2e2)AAR,J2)*XAKtj,2)

A(4rl)A(31)+A.J3)XAK(~jrl)
A(4r2p,2+AAR(J3)*XA(jt2)

0ou COiJI14UL

U=AtIi)1(A2g4*A(33)-A3,2)*A(25) )/D12*A31)A23-(t

AIN(le3)=(A(Iee)*A(23)-A(±.2)*A(lu3) )/LJ

XAIN(3t=A(pI)*A(13)-A(1p1)*A(23) )/D

REIURN

ENTRY PL11C(XvYe1'PTSuYLPfUvb.YPLPYPU)
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uO 900 &=lPNPTt;

XAKCIP3)=AAR(IP2)**2
9ou CONTINUt

YPL.(1)=14PTS
YPu(l)=NPTb
aj0 1400 J=IvNPTb-
UO 1100 I=1.3
uO 1000 K1't3

L(j)=E(i)+AAR(JvK)*XIN(K,1)
l0~uO C~iqT1NUL

iJO 1200 I10.
F=F+E(I)*XAR(Jtl)

!! 0O C~iwTINUt
F2=1*0'F
Fz=SQRT (F2)
F= auRTF)

YU(N)=Y(N)+TAH*S*F
YLtI4)=Y(N)-TAH*S*F
YPu(N)=Y(N)+TAH*S*F2
YPL(N)=Y(N)-TAH*S*F2
F=0.0
UO 1300 11vF3

1400 C0iNTINUL.
14U.e C.I.TINU.

RETURN
ENIJ

A" i_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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bLIINuu~lNt MOL3LL

INfLGEk~ TYtvEM
LOM.MON IYPLM(6) DNVrCONSTPCULF (45)
CONAN lPPUHD1CPSS#GLti4VRPV(

4 5)

AL =1OU-CuS(~S)
ALd AL * AL
iRbH- "QRI( UHl
IR =Mi' + 4b6J.G)/100.

Ik.) TtK TRZ
Tk4 =TR3 *TR
rCUi =c IC (-U.5)
TCTH- =TC ** -i.b)

V(Ul' TX * TCOH
V(02; =IR * T(.OH- * ALV(u.3) =Tx * TCOH * ALc
V(64) =TR * TCTH * SXuH
VOW =) TH * TCTH * SRDH * AL
V(0)6) =TH * TCTH * SfHOH * AL2V(0~7) =Tk * TCOH * tSHIDH

(U)=TH * ICOII * SROH * AL
Vu)=T8 * TCUH * SRuH * ALa

V(10) TRe 4' TCOH
V(.li) THe * TCOH * AL
V(12) TRa * TCOH * ALeV(13) Tkk TCTH * !iROH
V(14) T~e * TCTH * SL)H * AL
V(15) TR2 * TCTH * SRLJH * AL2

V(6 TRZ * TCOII * -,RbH
VQ)=T~e * TCUH * SRDH * ALV(18) =T~k * TCOH * SH * ALe

V(19) =TR.5 * TCOH
V(e-O) =TH3 * TCQjb- * ALV(el) =TR.3 * TCOH * AL?-

V~e) TR *TCTH * SHt)H
V(e3) zTH.6 * TCTH * SRLDH * ALV(e4) =TR6 * TCTH * $RU(LH * ALe
V*Ck5) =TR.3 * TCOH- * SRUH
V(cb) = TR3 * TCO- * SRDH * ALMV(e7) =THRi * TCOH * SRUH * ALe
V(48) =Tf( * TCTH
V(k9) = TR * TCTH ALV(60) = Tk * TCTH AL2

V6)=Tk2 * FCTH
V2 =TRk * TCrFH *AL

V(6~3) =THZ * TC.TH AU!
V(,34) =TRa * TCTH
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Yj)=Tks * T(-Th * AL
V(.4b) =T$., * TCTH 4 AL?
V(, '7) =T
v(.j8) = Tk * AL
V(49) =TK * AL4
V(*O)= e
V(41) =TRi.. * AL

V4)=TRk * ALE
V('43) =T.
V('44) =Thi * At-.

V4)=TRa * AL?~

COMPUTL DY14AMIC CUSHI)'4iN'G FUNCTION

GL =C0ONST
UO ljO JZIPNV

IIOU fL =GL *CQLF(~j) *V(J)
HE[URN

ENu
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TUIAL BOX VA&.IATION

COM~MON A(,e,3),LUEF(2),MKON(e),N1,NPT,1LYA(72)
L0OtMUNS PREU#bDDRMITULtbl)eUL(51).AL(119),bARX
L0.OmMON Y~b)AiP5~rE~TP~T

T4 174

t'(~.U5p99) ILYA
10 Rt.AL5vloL0p~lvU 999) DmPTC.PTP#rIPT

REMLJ(5Pl7Gu) X(Ii)hY(l)
30 6owrlNUL

h~tc1E(ebl89) ILYA
*Ri1lt~opd,0) UmpITCPTP
LJO 40 ~J = lNPI

IML.L LRLG
IF(ILRR *Ltvs 1) 60Oo lu
WrdTE(oto9) iLTA
wRiTEA6#1bUO) LitipTCTP
C.ALL LIM4IT
130TO 10

999 wRilE(bp19U0)
C.AL.L EXiT

79 FOrcivAT(UAF10.4,I~0.4)
d~9 IOriMAT(JH1p12Xp72Al)
99 F0~mAT(72Al)
icuOo FuK'MAT(3F!b.2pl6)
17(,0 F0,KAT(J2XvF8o4P5AvF8*4)

A F8.1.' TtPER~ATURi~',//)
1900 FOHMAr(IHlplUA,'ENJ OF JOB')

C.NL



1L44

bULHOUTINL LRk~o

L LsIqtAk~ RE6RESSjIuN

60i CNA23)tCoFauIKor4(2)Dw1,NPTPlLYAi
7 .d)

bA4PT=NPl

DOC 3.60 i.JieM

U0 160 ei1,Np

L.0 4S00 K=1,NP
uO 400 .J=1,N

IF (IPJk) o0tJpioupeou

.J0U 4.0iiT1NL
tSArA = (1#N.)/At4LPT
UO 400 1=t

Li0 500 J=IPNPT

00 600 0=10M

U~ O W I=00
0ou A (1 I J) A r ) /NP

111+1
IUO 90 'iI101

IF Cl-K) jtv~80
100L0 T100 JP.g

MPr=i+1

UOu 900E{c310

(UO 120 K=Itt
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lbuO COjvi11NUt.
iJO 1700 K~i#N

SUuiR2= * 0
uQ 1900 I=IPN'1
YC=COEF (1)
iJO 1800 K=ZrN

- - dua, YC =YC+COLF(K)*X(ltI)*(K-1)
H=Y(1)-YC

19o0 SUMR2SMR4+R*C
S>IijA=SwRT (SUMA2/ANPT)
$SLRR=SUMI*
SUMH2=Y 1)
u.O 2000 I=PN~f

eOvO bUm.R2=SQMRe+Y I)
oARcY1=SUMRe/NP I

UO 210u I~lPNPI
Kcr i)D-ARYI

4100 )UmH2SUMR4+R*R~
SS'FOT=SUMRi4
bShLG=SbT01-SbLaRR
uStcEUSbREv,/Nl

FRATO=DSRLL,/DStNH

iJEbRE.14PT-1
LTb=SSE'R/,STO I
lF(ETSoGE.1e0)r.TS=1.o
CKRSgR(T (1 *U-LTS)

WRITE (bt-5(,00) 141
*Rift. (Of2bft)
WRITE (ooe70u) $SSEG,0LGFTv0SREGPFRATOPCORH
WRITE (ope60u) bSE.RRtDLGFdpu5ERR
WRITE (be2900) SsToTPOLGRE
wRITE (op2400)

U0 2200 I11e2

WRITE (ot2bOu) kKOH(I)PCOLF(I)vI11,M)
adoO A#EJURN
C
24~00 FOKMAT (//t2X. 'CURVE COEFFICIENTS')
Z500 FOKMAT (//ZXr2Hdt(I1PiH)e3XvE1597)
4ooO F~fMAT(//,g-X,SUURCE'9XeSS'e9X,'D.F'p9Xu'MoS'.9X,'F'i12X,'R')
?-740 FORMAT (//,2X,'LJUE TO',5(4X#LlO.4))
e860 FORM4AT C//#2XIAb0UTv'rta4XvE10.4))
4900 FORMA T (//v2Xp'TOTAL'#2(XvE1O.4))
3000 FORMAT (iHi,2Xr'ANOVA FOR CURVE OF ORDERP13)
.100 FORMAT (//t4X#'SINGULAR MATkIX 'e/t4X.'CURVE FIT IMPO!3S4'BLE')

ENu
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hUdo~uTIjr LIMIiT

CU14FIULNCL LIA11S

t-OiMONSRLuDStRTPuLc
51; D Libl()tML(1.L9),b$ARX

L-OPAOMN it(±3O)DALklboj),IEHIg,1CVHt,TP

L'AIA (CM(lj.1,I53 /-6.i'b7'o7tO.o.t,.723763,.O.O~U
9 7021 9 bO.

bU.IKzSSI*G/ (C~jc.F (.e) **2)
UE.L7A = .b

X(Itl)=55.u

X Ifl=(#-i+ET

r12zS(URT (DhV
IH=(TP+460*0)/10U-v
THiZ= TH-*TH
TI13zTH2*UH
&U0 20 I= &#NX
S(1)=COLF(JJ+CuEF()*X(jv±)
TEM H?-*X(1,I)
YMM = CM(1)*cM(2 )*TH*TER+Cf,(3)*TH2*TLkCM(4)*Ti

3*TF-1 +CM(t;)*TH2*ne
eO0 COIJINU.

U~O 3u = iNX

bHc.H IT*bL.RR*S1IE.R

iwRE(bP50)
LeO 40 1 = lrlX
fRiTE(6#51) XCI#I) 'Y(I) IDL(L)fYM(I),UL(I)

'.0 C~giTINUr-
RETURN

Zio FOH.MAT(I4'Ar4fiwf. iJ6 Xe'HI8L16X5HLOWtR,15X,5HMODELtl
5 XPA SHUPPLRP/)

)I .FOKCMAT(bCluX#FJO.4.)/)
ENu
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C
C TOTAL BOX VS. lINTLKIOR Box

INrEGER TYI-EM
COm~MON )YPLM(.3)pNVJCONSTrCOE.F(45)
COlMON TPLJH#TLSSPGLoNVRPV(45)
JIMENSIuN 4(6)DCM(5),Xt1OV)pt'C10U)eY?4(100)tYC(100)
L)AIA (TYpLm(I)#,1,3) / OMINI'tICEL frIBOX I/
U.?IA (ZOEF(I)#,11145) /O.V'O.COOO7.lb656z96.8sO0,0-o.579l1197t
A7*0..0 -3894447p6*U.Or3O*0S8255# 0o0.6be5579U~v4*0.O,

8 4.1031526Db*O.0,-lO.2l99921U.OP-0.229528,2*0(J/
IDAfA (CM(I)tli±.5) /-6.3'tB7'.7O.0.07231763.-0.0091702196'O.O/
U A~ ZI,~ /O.Ob8#itJ*e55i0.520g0.708'O.843'l.255

COi'iST = -14.& 7b7u
C

4.. PKINT CUSHION MATERIAL TERMS AND COEFFICIENTS.
PRINT 3999#CONST
PRINT 4000r(ItCUEF(I)pI1,Qb)

C
C NUMBER OF COEFFICIENTS FOR THE MODEL

NV =45

40u PRINT 1700

C IELTA 0*5

Dou CO~iTINUL.

X(L) =X(1-1)LtL7A
00lO 600

70u CONTiNUL

esOO COI'TINUt
HEALI (5p.1c00LEd..1500) TCPOtiiTP

H2=SuiRT(CDH)El FH=(TP+460.O)/100*0
T~ez TH-*TH

Kr 1H6=TH2*Th
W UJO 900 L=I#K

TEK He*XtL)
C LXTERIOX tUX MuIJEL

YM(L) CMUI)+-.4(2)*THTE+CM(3)*T$2*Tt.R+CM(4)*

E. i ( ENLRAL CUSHIONg MATERIAL HOuLL
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SS XL/7~

CALL MOUEL

Y (L) =aL
9au 4.ONTLNUL

wRILh(bP23b) trYPEm(i)pIP3,).OIITC#T
wRITE C be2bb00
aJO 1040 IltPK

C cUONtI~
'(Ct! = (MmI - '(CI)
*R&TEC6t5)) XCA)e'lM(l)PYCI)PY(I)

1040 CONTINUL
b;Oll) 800

15tO *RLTE(bu1700)
CALL EXIT

ati0 FOkMAT tidHe1.6A#3A4p4XPF4.k.' IN. D.hIt'F7.lpt IN. ThICK',F8.lot
iTEtiPERATURL't//.

4bbJ, FOhMATC15APOkAVA *LIGHT 0e2'%.' TOTAL tOX'p5x,'INTEIIIOR bOXos
1 5X r ICLAbi1lON* t/)

:)l FOK.MATC '.OXF3.4bAF1.4.uxFlZ.4ebXP9.4e/J
-~ 1bO0 FOKMATO.F5.2)

Il7i0 FORMATCIH1)
t999 FOttMATCHI5X'CONSTPFj5.7)
4.000 FOxM4AT(45!X#4uFIbo8f/))

I-~



IN7EGER TYPE14'

COM4MON TYP iA( j) , Nv CONST C-tLF (45)

COMMON

L, AL *' AL

-RuH bW(Li
TR +W*Lb.i/O

Ur TR

1R3 TA~ * 2

TR4 TK Til

TCUH =TC *

TCTI- =C f *-ib

VilO) = Tri $ C(OH *A

V(oz) =TR $TCOH *' ALZ

Vs)=TR TCOtI$ 
L

v(j)4) =TR *CT sG~ ALSL

V05)b = TR *TCTII *SHf
t  A

V(W6) =TR .TCTH * Sr<UH AL

V(07) =Th TCOH *hi

V(ub) = R * TCOH * K1A * AL

Y(u'g) =TR *TCOUH *Rt1 *AL~d

v ub)= TRe * W AL-

Vill) =TR? TCQut AL

V(12) =TR2 . TcoH- 
L

V(13) =TkZ TCTII SU *A

V(14) =TRk TcTK * bkWH * AL2

glib) =Tt~e * '-i * SKUH *A2

V(16) = TRe- * TCOH * :,UH

9(17) =TRZ * TcvH * SIl(JH * AL

Vila) =TRr. * T(.Ov * GROJH * AL2

v 1)=TR3 * JCovH * AL

V (jdO) =TR.5 * co * AL2

V(?-i) = M) * TCOHi

V(42) TR.S * ICTH * SRUt-

V(43) TR3 TCTrH * SROH AL

V(4) TR ICTH * SKUH * AL2

V(45) TRS ICOM * GROH

Vteb) TRS $ 1COHi * SR&H * AL

TR3 * TCOt4 * smoH * ALiZ

V(U8) = T * ICTH *A

V e9 R * ICH AL2
=TR~ T CT

V(5i=TRZ * TCTH AL



va5)=T4 * TCTH * ALe
V V(.34) =TR.S * TCTH
V(jb) =T~j * TCTH * AL
w(316) =TRI,3 * TCTH * ALe
V(a7) =T
V(3s) = TR * AL
vC.a9) =TR * ALZ

Iv(40) =Tke
V(41) =TRc * AL
V(42) =Tkce * AL2
V(463) =TH6

V(44) = H. * AL
v(4~5) =TR.S * AL2±

C CoMIPUTL LTNA~i4C CU$HIO'IiNG FUNCTIOwii GL =C14ST

uI10JIN
10 L=L4CL() VJ
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